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NUMERICAL STUDY OF THREE -DIMENSIONAL SEPARATION 
AND FLOW CONTROL AT A WING/BODY JUNCTION 
ABSTRACT 
The problem of three-dimensional separation and flow control at a 
wing/body junction has been investigated numerically using a three- 
dimensional Navier-Stokes code. The numerical code employs an algebra- 
ic grid generation technique for generating the grid for unmodified 
fin 
ate 
c grid,generation technique for 
for laminar flow past a blunt f 
junction and an ell ipt 
junction. The results 
filleted 
n/flat p 
junction demonstrate that after grid refinement, the computations agree 
with experiment and reveal a strong dependency of the number of vorti- 
ces at the junction on Mach number and Reynolds number. The numerical 
results for pressure distribution, particle paths and 1 imiting stream- 
lines for turbulent flow past a swept fin show a decrease in the peak 
pressure and in the extent of the separated flow region compared to the 
laminar case. 
stream1 ine patterns lose much of their vortical character with proper 
filleting. Fillets with a radius of three and one-half times the fin 
leading edge diameter or two times the incoming,boundary layer thick- 
ness, significantly weaken the usual "necklace" 
the Mach number and Reynolds number considered in the present study. 
The results for a filleted juncture indicate that the 
interaction vortex for 
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Chapter 1 
INTRODUCTION 
Three-dimensional separation at intersecting surfaces such as 
wing-fuselage and wing-pylon junctions, and air breathing engine 
inlets is a complex physical phenomenon. The intersecting surface 
flow exhibits complex flow patterns which may significantly affect the 
performance of the aircraft. Major effects include increased pressure 
and heat transfer in the vicinity of the intersections and loss of 
control effectiveness due to flow separation. A variety of simplified 
geometrical configurations have been studied to gain insight into the 
physical aspects of three-dimensional separated flows including (1) 
sharp fin mounted on a flat plate, (2) blunt fin mounted on a flat 
ate, (3) swept compression corner, and (4) semicone affixed to a 
at plate. 
In t h e  present  work we concen t r a t e  our  a t t e n t i o n  t o  t h e  f l o w  pas t  
blunt fin/flat plate junction whch is a typical example o f  junction 
When a high-speed flow passes over a blunt obstruction mounted flow. 
on a flat plate the detached bow shock formed ahead induces a strong 
adverse pressure gradient to the plate boundary layer. 
disturbance propagates through the subsonic portion of the boundary 
layer and can result in a 3-D separated flow region composed of 
horseshoe vortices near the plate surface and a lambda-type shock 
pattern ahead of the fin. 
stream flow and spiral downstream. 
This 
These vortices entrain a part of the free- 
The separation shock emanating 
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from the separated flow region impinges on the fin shock producing a 
shock-shock interaction. Depending on the severity of the incoming 
shock, the shock-shock interaction leads t o  the formation o f  
supersonic jet. This interaction leads to intense heating and high 
pressure locally around the fin leading edge. 
Extensive experimental and computational studies pertinent to the 
physics of the problem have been carried out in the past for flow past 
a wing/body junction and these are reviewed briefly in Chap. 2.  
description of the governing equations and all possible boundary 
conditions employed in the study is given in Chap. 3. 
of the finite volume concept, method of solution and operation of the 
numerical code are given in detail in Chap. 4. The specific physical 
conditions o f  investigation are described in Chap. 5 and discussion of 
all results are provided in Chap. 6. 
The 
The development 
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Chapter 2 
PHYSICS OF WING/BODY JUNCTURE FLOWS 
I n  t h i s  chapter, the  physics o f  wing/body j unc tu re  f lows a t  low 
speed and h igh  speed are discussed. 
s tud ies  have been inc luded i n  the  physics o f  t he  problem t o  i n d i c a t e  
t h e  c h a r a c t e r i s t i c s  o f  t h e  j u n c t i o n  flow. The d iscuss ion begins w i t h  
d e t a i l e d  d e s c r i p t i o n  o f  low speed unmodified j unc tu re  f lows f o r  l a m i -  
nar, t u r b u l e n t  and t r a n s i t i o n a l  cond i t ions .  Next, t h e  d e s c r i p t i o n  of 
c o n t r o l l e d  j unc tu re  f lows are presented. The h igh  speed unmodif ied 
and mod i f ied  j unc tu re  f l o w s  i s  considered next  t o  c l e a r l y  h i g h l i g h t  
the d i f f e r e n c e  i n  the  f l o w  s t r u c t u r e  w i t h  re ference t o  low speed. 
F i n a l l y  t h e  s ta tus  o f  turbulence modeling as appl ied t o  t h e  compu- 
t a t i o n  o f  j u n c t i o n  f l ow  i s  b r i e f l y  reviewed. 
Key f ind ings  f rom t h e  prev ious 
2.1 Low Speed Flows 
2.1.1 Low Speed Unmodified Juncture Flows 
If a protuberance i s  p laced on a f l a t  p l a t e  over which the re  i s  a 
f l u i d  f low, the  protuberance produces an adverse pressure grad ien t  i n  
i t s  v i c i n i t y .  Th is  adverse pressure grad ien t  created upstream of the  
protuberance causes the  p l a t e  boundary l aye r  t o  dev ia te  f rom the  
sur face  r e s u l t i n g  i n  a three-dimensional separat ion.  The separated 
boundary l aye r  r o l l s  up downstream o f  t he  separat ion l i n e  t o  form a 
system o f  vo r t i ces .  These v o r t i c e s  are swept around t h e  base of t h e  
3 
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protuberance and assumes a c h a r a c t e r i s t i c  shape which has l e d  t o  i t s  
name the horseshoe vor tex.  
Norman [1]* inves t i ga ted  exper imenta l l y  t he  bas ic  fea tures  o f  
secondary f lows and the cond i t ions  under which these f lows l e d  t o  
t r a n s i t i o n  and turbulence. The experimental study de f ined and des- 
c r i bed  q u a l i t a t i v e l y  the vor tex system, the horseshoe vor tex system, 
the  s p i r a l i n g - t r a i l i n g  vor tex  system, the  vor tex  system r e s u l t i n g  f r o m  
the  i n s t a b i l i t y  o f  the  top  shear layer ,  and the  i n t e r a c t i o n s  o f  these 
sytems on t rans i t ion . .  
us ing smoke v i s u a l i z a t i o n  technique and observed f i v e  types o f  vor tex  
regimes. 
Schwind [Z] s tud ied  the  low speed j u n c t i o n  f l o w  
Schwind observed t h a t  as the  v e l o c i t y  i s  increased t h e  
number o f  v o r t i c e s  observed a lso  increases and a t  h igher  v e l o c i t i e s  
t h e  two c lockwise r o t a t i n g  v o r t i c e s  began t o  o s c i l l a t e  w i t h  amplitude 
inc reas ing  w i t h  v e l o c i t y .  Schwind f u r t h e r  po in ts  out  t h a t  a l though 
t h e  f l o w  passed from,regime 1 t o  regime 5 types as t h e  v e l o c i t y  i s  
increased, the  v e l o c i t y  a t  which the  f l ow  changed from one regime t o  
another was by no means w e l l  de f ined and d i f f e r e n t  f l o w  regimes cou ld  
e x i s t  a t  one v e l o c i t y .  Baker [3] demonstrated experimentally t he  
ex is tence o f  both steady and unsteady vor tex systems. 
behavior of t he  horseshoe vor tex  was found t o  be complex. 
The o s c i l l a t o r y  
As t h e  
Reynolds nunber i s  increased t h e  steady horseshoe vor tex  system Degan 
t o  o s c i l l a t e  i n t e r m i t t e n t l y  and randomly a t  two d i f f e r e n t  f requencies.  
As t he  Reynolds nunber i s  increased fu r the r ,  t he  pe r iod  of o s c i l l a t i o n  
of the vo r t i ces  became longer, t h e  h igh  frequency o s c i l l a t i o n  becoming 
more common. A t  y e t  h igher  Reynolds nunber t h e  o s c i l l a t i o n s  became 
i r r e g u l a r  and the  horseshoe vor tex  system became tu rbu len t .  
"Numbers i n  brackets i n d i c a t e  References. 
It was 
I 
I 
8 
I 
I 
I 
I 
I 
8 
I 
1 
1 
8 
II 
8 
I 
8 
t 
t 
5 
concluded t h a t  t he  frequency o f  these o s c i l l a t i o n s  i s  s o l e l y  deter-  
mined by the value of Reynolds number and the  r a t i o  o f  diameter o f  t he  
protuberance t o  t h e  incoming boundary 1 ayer th ickness.  
Kaul e t  a l .  [4]  s tud ied  numer ica l l y  the  incompressible j u n c t i o n  
f low us ing  t h e  Navier-Stokes equations. 
genera l ized coordinates,  and solved i n  t ime as a hyperbo l i c  system by  
adding a pressure term i n  t h e  c o n t i n u i t y  equation. 
marched u n t i l  steady s t a t e  was reached. The c a l c u l a t i o n s  i nd i ca ted  a 
s t rong non-uniform pressure load ing  along t h e  length  o f  t h e  cy l i nde r .  
A new mechanism f o r  the  ex is tence o f  r e c i r c u l a t i o n  bubbles behind the  
c y l i n d e r  end w a l l s  w i t h  r e l a t i v e l y  low r a t i o  o f  c y l i n d e r  he igh t  t o  t h e  
incoming boundary 1 ayer th ickness was observed. 
The equations were cas t  i n  
The equat ions were 
The t u r b u l e n t  f l ow  around a winglbody j u n c t i o n  i s  much more 
complex than the  laminar counterpar t .  
boundary l a y e r  i n t e r a c t i n g  w i t h  a v iscous wake t h a t  i s  pressure d r i ven  
i n  some regions, Reynold's s t ress  d r i ven  i n  other  reg ions and viscous 
dominated i n  most o ther  reg ions.  The essen t ia l  f ea tu res  of t he  f low 
and t h e  horseshoe r o o t  v o r t e x  are  shown i n  Fig .  2.1. The wing i s  
p a r t i a l l y  submerged i n  t h e  oncoming f l a t  p l a t e  boundary l aye r .  
body i s  s u f f i c i e n t l y  long t h a t  a tu rbu len t  boundary l a y e r  e x i s t s  up- 
stream o f  t he  wing. 
l aye r  i s  assumed t o  be i n v i s c i d .  
i n g  boundary l a y e r  wraps around t h e  wing lead ing  edge t o  form a horse- 
shoe vor tex.  
sure grad ien t  created due t o  t h e  presence o f  t he  wing eading t o  
three-dimensional separat ion.  
r o o t  vortex,  and poss ib l y  secondary v o r t i c e s  are estab ished. 
It cons is ts  o f  a t u r b u l e n t  
The 
The f low around the  wing ou ts ide  t h e  boundary 
The v o r t i c i t y  present i n  the  incom- 
The oncoming f l u i d  i s  decelerated by the  adverse pres-  
It i s  i n  t h i s  p a r t  t h a t  t he  pr imary  
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LINE OF INITIAL VORTICITY r 
\ HORSESHOE VORTEX CORE 
ROTATED LINE OF VORTICITY 
F ig .  2 .1 Flow s t r u c t u r e  a t  the low speed wing/body j u n c t i o n .  
7 
Meanwhile, f l u i d  O f f  t o  t h e  s ide  o f  the wing, passes w i thout  
exper iencing much disturbance. Consequently, the  f l u i d  elements i n  
one p a r t  of a v o r t i c a l  l i n e  are decelerated r e l a t i v e  t o  f l u i d  i n  o ther  
pa r t s .  The subsequent wrapping o f  the  v o r t i c a l  l i n e  elements around 
t h e  wing lead ing  edge r e s u l t s  i n  t h e  appearance o f  horseshoe vor tex.  
The e f f e c t  of t h i s  skewing o f  t he  t ransverse v o r t i c i t y  l i n e  r e s u l t s  i n  
t h e  generat ion o f  streamwise v o r t i c i t y  and a three-dimenst ional  f l o w  
v e l o c i t y .  
v e l o c i t y ,  which i s  d i r e c t e d  i n  t h e  streamwise d i r e c t i o n ,  t he  f l o w  i n  
the  r o o t  vor tex has components i n  the  plane normal t o  the  streamwise 
d i r e c t i o n  due t o  the  presence o f  streamwise v o r t i c i t y .  
vor tex experiences viscous d i f f u s i o n  and the  e f f e c t s  o f  counter 
r o t a t i o n  takes p lace because o f  t h e  anisotrophy o f  t h e  Reynold's 
stresses. 
i n  some sense i n  equ i l i b r i um.  
o r i g i n a l  s t a t e  downstream from the  wing. Further,  t he re  are complex 
Whereas, the  f l ow  upstream o f  t h e  wing has one component 
The horseshoe 
The f l ow  s lowly  va r ies  i n  the  streamwise d i r e c t i o n  and i s  
The f l o w  does no t  r e t u r n  t o  i t s  
in teract ions.between t h e  vo r t i ces ,  t h e  separated f l o w  near the  
i n g  e d g e  and t h e  viscous wake of t h e  wing. The v o r t i c e s  remain 
immersed in t he  boundary l a y e r  f rom which they  or ig ina ted ,  and 
no t  l i f t  up away from the  body. 
I 
t r a i  1- 
t hey  do 
Shabaka and Bradshaw [5, 61 and Oguz [ 7 ]  made mean f l o w  and 
The spec ia l  turbulence measurements i n  wing-fusel  age junc t ions .  
emphasis o f  t he  experiment was t o  i n v e s t i g a t e  t h e  r e l a t i v e  importance 
o f  turbulence terms and examine the  s p a t i a l  ex ten t  o f  t he  i n t e r a c t i o n  
f low f i e l d .  McMahon e t  a l .  
i n  a wing-fuselage type j u n c t i o n  us ing surface o i  l - f l o w  v i s u a l i z a t i o n  
technique combined w i t h  ho t  w i r e  anemonerntry. The exper imental  da ta  
[8 ]  s tud ied  t h e  d e t a i l s  o f  t u r b u l e n t  f low 
8 
c o l l e c t e d  inc ludes measurement o f  t h ree  mean v e l o c i t y  components and 
s i x  Reynolds stresses a t  se lec ted  streamwise loca t ions .  To complete 
t h e  e n t i r e  p i c t u r e  o f  t he  f l o w  f i e l d  some measurements were taken 
i n s i d e  the  reversed f l ow  reg ion  us ing ho t -w i re  techniques. 
shown t h a t  unambiguous measurements o f  t he  mean f l o w  d i r e c t i o n  can be 
made i n  three-dimensional separated f lows. The c o l l e c t e d  da ta  have 
been used t o  deduce the  f l o w  behavior i n  and around t h e  junc ture .  
Also, the  s i m i l a r i t i e s  between the  mean-flow s t r a i n  r a t e s  and t h e  
t u r b u l e n t  stresses, and t h e  r e l a t i v e  t rends among the  turbulence 
q u a n t i t i e s  have been discussed. 
experiments on t h e  behavior o f  three-dimensional t u r b u l e n t  boundary 
l aye r  i n  the  s i m p l i f i e d  wing-body j u n c t i o n  a t  low subsonic speed. 
r e s u l t s  o f  t h e  boundary l a y e r  behavior i n  the  at tached f l o w  reg ion  
have revealed the  e f f e c t s  o f  pressure grad ien t  and curva ture  o f  t h e  
s t reaml ine.  B r i l e y  and McDonald [ lo]  studied n u n e r i c a l l y  t he  wing/ 
body j u n c t i o n  f l ow  w i t h  swept leading edges us ing t h e  Navier-Stokes 
equat ions.  A general nonorthogonal coord inate system t h a t  resolved 
the viscous sublayer was employed. 
It was 
Hsing and Teng [9] c a r r i e d  ou t  
The 
The nuner ica l  p r e d i c t i o n s  d i d  n o t  
agree w i t h  measurements w e l l  downstream o f  t h e  lead ing  edge. The 
a lgebra ic  turbulence model employed i n  the  study was f a i r l y  crude, b u t  
f a l s e  d i f f u s i o n  e r ro rs ,  n o t o r i o u s l y  l a r g e  i n  the  r e c i r c u l a t i n g  reg ion  
may have a lso cont r ibu ted .  
2.1.2 Low Speed Con t ro l l ed  Juncture Flows 
The pnysics o f  low speed c o n t r o l l e d  j unc tu re  f l ows  d i f f e r  s l i g h t -  
l y  from unmodified j unc tu re  f lows i n  t h a t  t h e  separat ion a t  t he  wing 
lead ing  edge i s  e l im ina ted  by  s u i t a b l e  geometr ical  mod i f i ca t i ons  t o  
9 
Such mod i f i ca t i ons  inc lude f i l l e t s ,  sweep and suc t i on  holes the  wing. 
i n  the wing. These simple techniques help i n  improving the  a i r  f l o w  
around t h e  wing/fuselage junc t i ons  and can be e a s i l y  incorporated i n  
e x i s t i n g  f l e e t s  o f  a i r c r a f t .  Pre l im inary  r e s u l t s  [ll] i n d i c a t e  t h a t  
t he re  i s  some reduc t i on  i n  j unc tu re  drag a t  moderate angles o f  a t tack  
w i t h  the  use o f  leading edge f i l l e t s .  
t h e  wing lead ing  edge considerably  reduces the  ex ten t  o f  separat ion 
and helps t o  ma in ta in  laminar f l ow  around the  juncture.  
The use o f  sweep and suc t ion  a t  
Mehta [12] exper imenta l ly  i nves t i ga ted  the  e f f e c t  o f  wing nose 
shapes on the  nature o f  the  generated secondary f low.  
exper imental  s tudy i nves t i ga ted  i n  d e t a i l  the  c o r r e l a t i o n  of t he  
s t rength,  s i z e  and p o s i t i o n  o f  t he  horseshoe vor tex  w i t h  the  nose 
shape o f  t h e  wing. 
the  horseshoe vor tex system i n  a wing/body j u n c t i o n  i s  s t r o n g l y  
dependent on t h e  wing nose shape w i t h  s i z e  and s t reng th  o f  t he  vor tex  
system increas ing  w i t h  the  nose bluntness. 
t h i s  vor tex  f l o w  p e r s i s t s  r i g h t  up t o  t h e  wing t r a i l i n g  edge, w i t h  
very little attenuation, so the  only practical way t o  c o n t r o l  i t  i s  by  
s u i t a b l y  ad jus t i ng  t h e  wing lead ing  edge shape. Kubendran and Harvey 
[ll] have made measurements i n  the  wake reg ion  o f  a s imulated wing- 
fuselage juncture,  w i t h  and w i thou t  leading-edge f i l l e t s ,  t o  
understand the  e f f e c t  of lead ing  edge mod i f i ca t i ons  on t h e  f l o w  f i e l d  
around the  juncture.  
reduc t ion  i n  j unc tu re  drag us ing lead ing  edge f i l l e t s  a t  moderate 
The 
The study c l e a r l y  demonstrated t h a t  t h e  na ture  of 
I n  most p r a c t i c a l  cases, 
P re l im ina ry  r e s u l t s  have ind i ca ted  some 
angles o f  a t tack.  
the  sur face downstream o f  the  j unc tu re  were a lso  no t i ced  when lead ing  
edge f i l l e t s  were used. 
Some improvements i n  t h e  f l ow  c h a r a c t e r i s t i c s  on 
As t he  f i l l e t  s i z e  was increased, f low 
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c h a r a c t e r i s t i c s  s t a r t  d e t e r i o r a t i n g  a t  some po in t ,  and an optimum 
f i l l e t  s i z e  was needed t o  achieve an o v e r a l l  improvement i n  the  f l o w  
f i e l d .  
The numerical study o f  c o n t r o l l e d  j unc tu re  f lows us ing  f a i r i n g s  
a t  the  j u n c t i o n  have been s tud ied  by Sung and L i n  [13] and Kubendran 
e t  a l .  [14] using the  incompressible Navier-Stokes equations. It has 
been found t h a t  the leading edge f a i r i n g  i s  q u i t e  e f f e c t i v e  i n  reduc- 
i n g  t h e  lead ing  edge f l o w  separat ion and non-uni formi ty  o f  t he  wave 
v e l o c i t y  p r o f i l e  and the  add i t i on  o f  t he  t r a i l i n g  edge f a i r i n g  can 
c o n t r i b u t e  t o  f u r t h e r  improvement. 
2.2 High Speed Flows 
2.2.1 High Speed Unmodified Juncture Flows 
High speed f l o w  past a b l u n t  f i n  mounted on a f l a t  p la te ,  r e s u l t s  
i n  a complex, three-dimensional, v i scous - inv i sc id  i n t e r a c t i o n  f l o w  
f i e l d .  
the boundary l aye r  t o  separate from the  sur face upstream of t he  f i n  
l oca t i on .  
The ‘detached bow shock formed ahead o f  t he  protuberance causes 
This  r e s u l t s  i n  a separated f l ow  reg ion  composed o f  horse- 
shoe v o r t i c e s  near the  sur face and a lambda-type shock p a t t e r n  i n  t h e  
p lane o f  symmetry ahead of t h e  f i n .  
wave/turbulent boundary-1 ayer i n t e r a c t  i o n  are increased pressure loads 
and heat t r a n s f e r  l e v e l s  on and i n  the  v i c i n i t y  o f  t he  protuberance. 
The e x i s t i n g  experimental da ta  suggest t h a t  t he  separated f l o w  i s  
ve ry  unsteady due t o  the  o s c i l l a t i o n  o f  t he  separat ion l o c a t i o n  w i t h  
amp1 i t u d e  1 arger than t h e  undis turbed boundary l a y e r  th ickness. This 
r e l a t i v e l y  l a r g e  movement of t h e  separat ion l o c a t i o n  i s  a t t r i b u t e d  t o  
the  p u l s a t i n g  and scavenging ac t i on  o f  t he  f l o w  compris ing the  
m u l t i p l e  horseshoe vo r t i ces ,  r e s u l t s  i n  comparat ively l a r g e  
The major e f f e c t s  o f  t h e  shock- 
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osci l la t ion of the i m p i n g i n g  shock wave. In addition t o  the pressure 
peaks and heating rates a t  shock impingement on the f i n  leading edge, 
there are very large pressures and heating rates on the plate surface 
i n  the immediate vicinity of the f in  root. 
shock wave turbulent boundary 1 ayer interactions have caused 
structural  damage on hypersonic wing/body junctions [15]. 
I t  i s  believed that such 
Certain aspects o f  the separated flow ahead of a b l u n t  f i n  are 
somewhat similar t o  two-dimensional separated flows ahead of ramps o r  
steps.  The pressure increase across the f i n  bow shock wave presents a 
strong adverse pressure gradient t o  the boundary layer flow on the 
f l a t  plate  surface, causing the boundary layer t o  separate adjacent t o  
the plate surface. 
upstream through the subsonic pocket o f  the boundary layer and leads 
t o  the separation of the boundary layer on the f l a t  plate. 
sketched i n  F i g .  2.2, the reversed flow forms a horseshoe vortex i n  
which the flow quickly spirals  downstream, away from the plane of 
symmetry. Immediately downstream of th i s  vortex, there appears t o  be 
one or more additional vortices. The  reversed f l o w  i n  the vortices i s  
constantly replenished by the separated stream flow, and sp i r a l s  down- 
stream very rapidly. 
stream into proximity w i t h  the surface. 
and large pressure fluctuations have been observed i n  local regions on 
the surface adjacent t o  the protuberance. 
visualization techniques suggest t h a t  the direction of flow i n  the 
vortices is  predominantly outboard and bears l i t t l e  s imi la r i ty  t o  two- 
dimensional separated flows i n  the plane of symmetry. 
ance of the transverse flow masks the nature of the flow along the 
The effects  of pressure increase are propagated 
As 
Thus ,  the vortices b r i n g  the h i g h  energy a i r  
Extremely h i g h  heating rates  
The existing o i l  f low 
The predomin- 
I 
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I 
1 
I 
1 
I 
I 
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DETAILS OF SUPERSONIC JET r 
I SEPARATED FLOW REOION 
F ig .  2.2 Flow s t r u c t u r e  a t  t he  h igh  speed wing/body j u n c t i o n .  
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boundary between t w o  vo r t i ces ,  bu t  t he re  appears a t h i r d ,  small and 
counter r o t a t i n g  horseshoe vor tex between the  two l a r g e  vo r t i ces .  
f l o w  a t  t he  r o o t  o f  t he  f i n  i s  h i g h l y  three-dimensional and complex. 
There are l a rge  pressure, as we l l  as h igh  v e l o c i t y  g rad ien ts  i n  t h i s  
reg ion.  The compressed separated f l o w  ahead o f  the  f i n  accelerates t o  
supersonic speeds i n  escaping around the  f i n  t o  lower pressure 
reg ions.  
out as i t  fo l l ows  the  f i n  r o o t  downstream. The f i n  bow shock causes 
t h e  boundary l a y e r  t o  separate from the  sur face ahead o f  t h e  f i n ,  
r e s u l t i n g  i n  a separated f l ow  reg ion  composed o f  horseshoe v o r t i c e s  
near t h e  surface, and a lambda-type shock p a t t e r n  ahead o f  t h e  f i n .  
The shock wave emanating from the  separated f l o w  reg ion  impinges on 
t h e  f i n  bow shock, and causes in tense heat ing  and h igh  pressure l o c a l -  
l y  around the  f i n  leading edge. 
The 
A s t rong vor tex s t a r t s  a t  t he  r o o t  o f  t he  f i n  and spreads 
Young e t  a l .  [16], P r i c e  and S t a l l i n g s  [17] and Westkaernper [18] 
observed t h a t  the  extent  o f  t u r b u l e n t  separat ion i s  i n s e n s i t i v e  t o  
Mach nunber, Reynolds nunber and boundary l aye r  th ickness fo r  a wide 
range o f  f l o w  condi t ions,  f o r  f i n  diameters t h a t  are l a r g e r  o r  compar- 
ab le  t o  the  undis turbed boundary l aye r  th ickness. Spec i f i ca l l y ,  f o r  
Mach numbers f rom 1.2 t o  21, t u r b u l e n t  boundary layers  separate 
approximately t w o  diameters ahead o f  t h e  f i n  lead ing  edge. 
t r a n s i t i o n a l  boundary l a y e r  separat ion ahead o f  a f i n  i s  much more 
ex tens ive  than t u r b u l e n t  separat ion and depends on both Mach number 
and Reynolds number. L im i ted  da ta  ava i l ab le  i n  the  l i t e r a t u r e  i n d i -  
c a t e  t h a t  t h e  ex ten t  o f  separat ion ahead o f  a f i n  increases w i th  
inc reas ing  Reynolds number based on the  separat ion d is tance.  
separat ion lengths exceeding s i x  diameters have been observed by  Young 
Laminar o r  
Laminar 
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e t  a l .  [16]  f o r  both Mach 3 and Mach 5 f lows. 
a s t rong d is turbance t o  a laminar boundary l aye r  and causes e a r l i e r  
t r a n s i t i o n  than f o r  attached, undisturbed boundary layers .  I n  v i r t u -  
a l l y  a l l  o f  the t e s t s  c a r r i e d  out  i n  the  e a r l i e r  study [16], t rans -  
i t i o n  occurred e i t h e r  ahead o f  t h e  separat ion l o c a t i o n  o r  i n  t h e  f ree  
shear l aye r  bounding the  reverse f l ow  reg ion  ahead o f  the  f i n  ( t rans -  
i t i o n a l  separat ion) .  The ex ten t  o f  t r a n s i t i o n a l  separat ion diminished 
toward the tu rbu len t  value ( a  + 20) as the  separat ion l o c a t i o n  
approaches the  undis turbed boundary 1 ayer t r a n s i t i o n a l  l o c a t i o n  o f  the  
p l a t e  boundary 1 ayer. Mach number, Reynolds number, and boundary 
l a y e r  th ickness  e f f e c t s  on t h e  ex ten t  o f  laminar o r  t r a n s i t i o n a l  
separat ion have no t  been c l e a r l y  d i f f e r e n t i a t e d .  
However, separat ion i s  
SeP 
Sidney [19] i nves t i ga ted  exper imenta l l y  t h e  supersonic j u n c t i o n  
f l o w  problem us ing f l o w  v i s u a l i z a t i o n  technique. 
o f  t h e  experiment was t o  reso lve  t h e  f i n e  d e t a i l s  o f  t he  f l o w  s t ruc-  
tu re .  The v a r i a t i o n  of pr imary separat ion d is tance was discussed as a 
f u n c t i o n  o f  Mach nunber, Reynolds nunber and obs tac le  dimensions. The 
s t r u c t u r e  o f  the  separated f l ow  upstream o f  the  obs tac le  was found t o  
change w i t h  r e l a t i v e l y  smal l  changes i n  Reynolds nunber. Experiments 
have been conducted by prev ious i n v e s t i g a t o r s  t o  study t h e  e f f e c t  of 
t r a n s i t i o n  p roper t i es  on t h e  diameter o f  t h e  f i n  [17, 18, 20-271, 
sweep angle [17, 28, 291, he ght  o f  t he  protuberance [17, 18, 201, 
Mach nunber [17, 20, 23, 251 and Reynolds nunber [17, 20, 25, 28, 
291. 
confus ion over t h e  cond i t i ons  necessary f o r  t h e  model t o  be ions idered  
s e m i - i n f i n i t e  have caused some d i f f i c u l t y ,  p a r t i c u l a r l y  wi th  respec t  
t o  t h e  v e r t i c a l  sca le  of t h e  f l o w  f i e l d .  However most o f  t he  
The major o b j e c t i v e  
Attempts have been made t o  c o r r e l a t e  the  experimental data, bu t  
15 
experiments revealed c l e a r l y  t h a t  t he  dominant parameters c o n t r o l l i n g  
the c e n t e r l i n e  f l ow  f i e l d  are the diameter and sweep angle o f  t he  f i n .  
D o l l i n g  and Bogdonoff [30] s tud ied  exper imenta l ly  b l u n t  f i n  induced 
shock wave/turbulent boundary l aye r  i n t e r a c t i o n .  
o f  t he  experiment was t o  i n v e s t i g a t e  t h e  spanwise development o f  t he  
d is tu rbed f l ow  f i e l d  and t o  determine i t s  dependance on the  model 
geometry and incoming f l o w  cond i t ions .  The second o b j e c t i v e  o f  t h e  
experiment was t o  determine the  v e r t i c a l  ex ten t  o f  t h e  i n t e r a c t i o n  on 
t h e  f i n .  The r e s u l t s  show tha t ,  on t h e  t e s t  sur face near t h e  f i n  and 
on the  f i n  i t s e l f ,  t he  lead ing  edge diameter p lays a dominant r o l e  i n  
determin ing t h e  i n t e r a c t i o n s  sca le  and c h a r a c t e r i s t i c s .  
The f i r s t  o b j e c t i v e  
Hung and Buning [31] s tud ied  the  b l u n t  f i n  induced shock wave/- 
t u r b u l e n t  boundary l a y e r  i n t e r a c t i o n  problem us ing  t h e  30 compressible 
Navier-Stokes equations. 
boundary l a y e r  th ickness by  an order  o f  magnitude showed t h a t  t he  s i z e  
o f  the  horseshoe vor tex and the  s p a t i a l  ex ten t  o f  t he  i n t e r a c t i o n  are 
dominated by i n v i s c i d  f l o w  and only  weakly dependant on the  Reynolds 
number. Hung [32] also noted t h a t  by changing the  b l u n t  f i n  t o  a f l a t  
faced f i n  t h e  ex ten t  of separat ion increased d r a s t i c a l l y ,  and the  main 
horseshoe vor tex b i f u r c a t e d  i n t o  two v o r t i c e s  r o t a t i n g  i n  the  same 
d i r e c t i o n .  
It was noted t h a t  vary ing  the  incoming 
2.2.2 High Speed Control>led Juncture Flows 
Very l i t t l e  work i s  done i n  h igh  speed c o n t r o l l e d  j unc tu re  f lows. 
P r i ce  and S t a l l i n g s  [17] and S t o l l e r y  [33] s tud ied  t h e  e f f e c t  of f i n  
sweep i n  t u r b u l e n t  boundary l aye rs  and noted t h a t  t h e  separat ion of 
the f l o w  ahead o f  the  f i n  can be reduced d r a s t i c a l l y  by lead ing  edge 
16 
sweep. Gaitonde and Knight [34] studied numerically the effect of 
suction to control the sharp fin/flat plate junction flow. 
tation indicated that the particular bleed schedule of five percent 
employed in the study was incapable o f  controlling or significantly 
The compu- 
modifying the undesirable separation and the large vortical structure. 
It may be possible to significantly influence the flow field by minor 
modifications to the configuration such as raising the fin a slight 
distance from the flat plate could provide interesting results. 
2.3 Turbulence Modeling for Wing/.Body Juncture Flows 
Complex flows of the type found in wing/body junction are marked- 
ly influenced by three-dimensionality, pressure gradients, and viscous 
and turbulence effects. An important effect of calculating the flow 
The simplest model used for described above is turbulence modeling. 
the calculation of turbulent shear flows 
models [35]. These models have been emp 
ing two-dimensional flows. However, the 
are algebraic eddy viscosity 
oyed primarily for calculat- 
formulation of eddy viscosity 
models contain a large amount of empiricism that is generally not 
valid in complex three-dimensional flows. Three other types of turbu- 
lence models have been developed in the literature that are applicable 
to junction flow, such as two-equation models [36], algebraic Reynolds 
stress models [37], and the full Reynolds stress transport equations 
[38]. Of the models available, only the algebraic eddy viscosity 
model and the two equation models have been employed in the compu- 
tation of wing/body junction flow [39]. 
Reynolds stress transport equations to three-dimensional flows involve 
the solution of six additional partial differential equations for the 
The application of the full 
17 
stresses and greatly increase the computational effort required. The 
algebraic Reynolds stress models have been developed as an attractive 
alternative to the full Reynolds stress equations. However, this 
model has not been refined sufficiently to make them applicable to 
three-dimensional flow fields. In particular, more work needs to be 
1 done before these models can adequately compute the near wa 
t urbul ence. 
The literature review indicates that most of the exper 
carried out in the junction flow lack detailed measurements 
ments 
in the 
separated flow region and do not sufficiently portray the structure of 
the vortical flow. The same level of criticism can be levelled 
against the previous computational studies in that they fail to 
examine the effect of grid refinement and turbulence model in the flow 
field simulation. 
flow have been studied experimentally and computationally in the past, 
quantitative information about their effect on the vortex strength is 
lacking in most o f  the earlier studies. 
A1 though techniques for controlling the junction 
The primary objective o f  the present study is to obtain further 
understanding of the structure of resulting three-dimensional sepa- 
ration and to compute the junction flow with sufficient resolution. 
The specific objective of the study is to investigate numerically the 
effect of fillets and sweep in controlling the juncture horseshoe 
vortex and to provide quantitative information on the amount of weak- 
ening of the vortex. 
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Chapter 3 
PHYSICAL MODEL AND THEORETICAL FORMULATION 
In this chapter, a brief description of the governing partial 
differential equations representing the flow, along with the boundary 
and initial conditions employed in the present study are presented. 
The theoretical formulation of the problem starts with the nondimen- 
sional form of the compressible three-dimensional Navier-Stokes equa- 
tions cast in the generalized body-oriented coordinate system. Brief 
discussions on the turbulence model, mesh system, and thin-layer 
approximation are also provided. 
3.1 Governing Equations i n Non-Dimensi onal Form 
In the absence of body forces and source terms, the governing 
equations for the conservation o f  mass, momentum, and energy in a 
stationary control volune v ,  surrounded by a control  surface S, can 
be expressed in integral form as [40) 
= o  u + b )  . n d s  - 
at 
where 
1 
2 
E = e i + - ( u  + V  + w )  
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( 3 . 1 )  
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b = O  
-0 
-1 - 1  
b = - y M (Re Pr) p grad ei + pu + M Re =e m - m  
The nondimensional izat ion o f  t he  governing equations i s  c a r r i e d  ou t  b y  
normal iz ing  the  Car tes ian v e l o c i t y  components (u,v,w) by  sound speed 
am 9 the  dens i t y  p by p m ,  the  s p e c i f i c  i n t e r n a l  energy ei and the  
t o t a l  energy E by a,, and p by  p,am. The v i s c o s i t y  c o e f f i -  
c i e n t s  X and p are normalized w i t h  respect t o  the  molecular 
v i s c o s i t y  p,. The constant  y ,  i s  t h e  r a t i o  o f  s p e c i f i c  heats, Re 
i s  the Reynolds number based on freestream ve loc i t y ,  and P r  i s  the  
P r a n d t l  nunber.  The d e n s i t y  P, s t a t i c  pressure p and the  i n t e r n a l  
energy e are r e l a t e d  through the  following equations of s ta te :  
2 2 
i 
ei = T/y(y-1)  ( 3 . 3 )  
$ = T  
20 
( 3 . 4 )  
where T i s  normalized by the  freestream s t a t i c  temperature. 
Equation (3.1) i s  a simple expression f o r  t h e  bas ic  conservat ion laws 
o f  f l u i d  f l o w  and i s  v a l i d  f o r  a g lobal  c o n t r o l  volune and also f o r  
each l o c a l l y  d i s c r e t i z e d  c o n t r o l  volune ( i ,  j, k) shown i n  Fig.  3.1. 
For the sake o f  n o t a t i o n a l  convenience, t he  superscr ip t  wi thout  a 
prime i s  used f o r  t h e  transformed coord inate (x' ,x2 ,x3) interchange- 
able w i t h  the l o c a l  coordinates ( E ,  r l ,  5 )  and the  supersc r ip t  w i t h  a 
prime i s  used f o r  t he  g lobal  coordinates (x,y,z). A s i m i l a r  n o t a t i o n  
convention i s  used f o r  a l l  o ther  tensor q u a n t i t i e s .  For example, 
i' I I I u = (u' ,3 ,u3 ) = (u,v,w). 
The p a r t i a l  d i f f e r e n t i a l  equat ion corresponding t o  Eq. (3.1) 
w r i t t e n  i n  tensor convention i s  expressed as fo l l ows :  
o r  
i In eq. (3.5) (g1I2)  i s  t he  Jacobian and 9 i s  t h e  con t rava r ian t  
base vector  i n  t h e  xi d i r e c t i o n .  Here, t he  E i n s t e i n  sunmation con- 
vent ion i s  used f o r  repeated ind ices.  Since Eq. (3.5) i s  a 
21  
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F i g .  3 . 1  A hexahedron f i n i t e  volume v ( i , j , k )  w i t h  coord inate  systems 
22 
homogeneous equat ion i n  4, i t  can be w r i t t e n  as 
Equation (3.6) provides the bas is  f o r  t h e  i m p l i c i t  procedure. 
Eq. (3.5) e x p l i c i t l y ,  one has 
W r i t i n g  
c o n t i n u i t y  
(3.7a) 
i' 
momentum fo r  x d i r e c t i o n  
23 
energy 
aei M A  m 1 / 2  1 - yMoD ' --- - - d i v  g u . ( g )  3 
( i ' )  Re 
( 9) l / *ga .  
Re P r  axi 
a. a. 
i s  t he  component o f  t h e  con t rava r ian t  base vector  p where g 
along t h e  x d i r e c t i o n  and gil i s  t h e  con t rava r ian t  u n i t  base 
( i ' )  
i' 
vector.  
The above system o f  equations i s  assuned t o  be v a l i d  f o r  turbu- 
l e n t  f lows i f  the  molecular t ranspor t  c o e f f i c i e n t s  are replaced by 
' = l J a .  + IJt (3.8a) 
(3.8b) 
P r  P r  P r  
a , t  
where u t  represents the  t u r b u l e n t  eddy v i s c o s i t y  and 
l e n t  Prandt l  number. The molecular dynamic v i s c o s i t y  i s  evaluated 
us ing t h e  Suther land's law o f  v i s c o s i t y .  
P r t  t h e  turbu-  
A turbulence mode 
3 . 2  Turbulence Model 
for  the three-dimensiona configuration of  
F i g .  2.2 i s  complicated and i s  s t i l l  under developnent. As z + m 
the f i n  surface influences the turbulence; on  the otherhand as 
the turbulence i s  dominated by the f l a t  plate surface. 
t i o n  between the f i n  and f l a t  plate,  the effect  of turbulence i s  t r u l y  
three-dimensional. The two-1 ayer turbulent eddy viscosity model of  
Baldwin and Lomax [35] i s  extended t o  generalized coordinates t o  
determine the turbulent transport coefficients.  This model i s  
particularly advantageous for certain shock-induced separated flows 
z + 0 
In the junc- 
which the length scales are n o t  
for  the 
on of the 
real i s t i c  
t ha t  contain a multiple region i n  
c lear ly  defined. However, the pr 
amplification of turbulent intens 
flow t h r o u g h  the bow shock wave. 
turbulence models for  the present 
sent work does not account 
t y  a f te r  a sudden compress 
The implementation of more 
work awaits further study. 
24 
In each (J-K) plane, the computational domain i s  l ike  a corner 
formed by t w o  perpendicular walls as sketched i n  F i g .  3.2 .  For the 
sake o f  convenience coordinates (y,z)  are used to  define each (J-K) 
plane. The two-1 ayer algebraic turbulence eddy viscosity model i s  
applied i n  each region in the following manner. 
Inner Region 
For the inner region, the eddy viscosity model i s  expressed as 
*. 
N 
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Location of FmaX 
I 
I 
Y.J 
Fig. 3.2 Definition o f  four regions in (J-K) plane 
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where k = 0.4 i s  Von Karman's constant, II i s  Buleev's l eng th  scale 
[41-431, D i s  t h e  Van D r i e s t  damping f a c t o r  and w i s  t h e  absolute 
value o f  the v o r t i c i t y  ( W  = I?  x 5 I), i .e.,  
2 2 2 
I W I  d($ - E)  +(: - !!) +(E - $) (3.10) 
The general d e f i n i t i o n  o f  t h e  Buleev l eng th  scale i s  
(3.11) 
where s def ines the  d is tance from t h e  f i e l d  p o i n t  (x,y,z) t o  a p o i n t  
on t h e  boundary, and 0 
3.3. For a two-dimensional ex te rna l  corner f low, t h e  Buleev l eng th  
sca le  a i s  t h e  d is tance normal t o  t h e  surface. For an open corner 
formed by two orthogonal planes, t he  Buleev l eng th  scale i s  given by 
i s  t h e  pher iphera l  angle as shown i n  F ig .  
a =  2Y (3.12) 
112 
y + 2 + (y2 + z2) 
This formula i s  designed t o  account f o r  t h e  s i z e  o f  turbulence eddies 
o r  t h e  turbulence mix ing l e n g t h  near t h e  corner under t h e  i n f l u e n c e  of 
both wa l l  s. 
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F ig .  3.3 D e f i n i t i o n  o f  Buleev l e n g t h  sca le  
28 
( a )  = ' Fk leb  
Outer Reaion 
1 i- 5.5 
In t he  ou ter  reg ion  t h e  ou ter  eddy v i s c o s i t y  i s  given by  
ou te r  = PK 'cp Fwake Fk leb  (3.13) E: 
where K i s  the Clauser constant, C i s  an add i t i ona l  constant.  
The ou ter  wake func t ion ,  Fwake, i s  def ined by 
C P  
F IC wkamaxuz/F max. %ax max. = the  smal l e r  o f  Fwake (3.144 
The q u a n t i t y  Fmax 
p r o f i l e  and amax i s  the  maximum value o f  E where t h e  maximum value 
O f  Fouter  
i s  t he  maximum value o f  F(y)  t h a t  occurs in a 
occurs. The r e l a t i o n  f o r  Fouter i s  
Fouter  = e w D  (3.14b) 
The wake func t ion  i s  a product o f  a length  scale 
v e l o c i t y  sca le Fmax representa t ive  o f  t he  energy-containing eddies 
i n  the  ou ter  p o r t i o n  o f  t h e  ooundary layer .  In e f f e c t ,  t h e  d i s t r i -  
bu t i on  o f  v o r t i c i t y  i s  used t o  determine length  scales so t h a t  t h e  
need t o  f i n d  t h e  ooundary l a y e r  edge i s  e l iminated.  The Klebanoff  
i n t e r m i t t e n c y  f a c t o r  i s  given by: 
emax and the 
(3.15) 
I 
I 
I 
I 
E 
I 
I 
I 
I 
I 
I 
I 
I 
E 
I 
I 
I 
I 
I 
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where Ckleb i s  a constant.  The q u a n t i t y  Ue i s  t he  d i f f e r e n c e  
between maximum and minimum t o t a l  v e l o c i t y  i n  t h e  p r o f i l e .  
(3.16) min - ( &J2 + v2 + w2 max ue = ( i U 2  + v2 + w2 
The second t e r m  i n  Ue i s  taken t o  be zero (except i n  wakes). The 
numerical value o f  the  constants appearing i n  the  fo rego ing  r e l a t i o n  
are given as fo l lows:  
K = 0.0168, Ccp  = 1.6, 'kleb = 0.3 . 
The inner  and ou ter  eddy v i s c o s i t y  laws are combined t o  form t h e  
composite turbulence eddy v i s c o s i t y  model i n  t h e  f o l l o w i n g  manner. 
and "ou ter  F i r s t ,  p r o f i l e s  o f  
o rd ina te  l i n e  orthogonal t o  the  boundary. 
t h e  boundary where cinner exceeds touter i s  denoted t h e  "cross-over 
po in t . "  The t u r b u l e n t  v i s c o s i t y  E i s  equal t o  einner f o r  a l l  t he  
po in ts  i n  the  reg ion  between the  boundary and the  crossover po in t ,  and 
i s  equal t o  E 
crossover po in t .  
are determined on each co- 
The f i r s t  p o i n t  nearest  t o  
f o r  a l l  t h e  p o i n t s  above and i n c l u d i n g  t h e  ou ter  
I n  t h e  v i c i n i t y  o f  t h e  corner,  t h e  (J-K) p lane i s  d i v ided  i n t o  
f o u r  reg ions I, 11, I11 and I V  as shown i n  F ig .  3.2. 
11, D i s  evaluated a t  z = 0. The search f o r  Fmax and t h e  cor-  
responding 11 proceeds from t h e  wal l ,  e i t h e r  from y = 0 f o r  
reg ion  I V ,  o r  from z=O f o r  reg ion  I. The values o f  Fmdx i n  reg ion  
I 1  and I11 are t rea ted  as constants equal t o  the  value of Fmax a t  M 
and N, respec t i ve l y .  
I n  reg ions I and 
max 
30 
3.3 Thin Layer Approximation 
P r a n d t l ' s  c l a s s i c a l  boundary l a y e r  equations are obtained from 
t h e  f u l l  Navier-Stokes equations by  performing an order  o f  magnitude 
analys is  o f  t he  terms and neg lec t i ng  terms o f  t h e  order  o f  t he  inverse 
power o f  t h e  Reynolds nunber. Th is  procedure leads t o  (1) neg lec t i ng  
the streamwise d i f f u s i o n  compared t o  normal d i f f u s i o n ;  ( 2 )  t h e  
replacement o f  a normal momentun equat ion w i t h  t h e  assunption o f  zero 
pressure g rad ien t  across t h e  boundary l a y e r  th ickness. The concept o f  
t h i n - l a y e r  approximation t o  t h e  f u l l  Navier-Stokes equat ion i s  s i m i l a r  
t o  the  boundary l a y e r  approximation w i t h  t h e  o n l y  except ion o f  r e t a i n -  
i n g  a l l  t h r e e  momentun equations. This procedure makes no assunption 
about the  pressure v a r i a t i o n  across t h e  boundary l a y e r  th ickness. The 
t h i n - 1  ayer approximation i s  p a r t i c u l  a r l y  advantageous f o r  computing 
c e r t a i n  h igh  Reynolds number f lows and separated t u r b u l e n t  f l ows  
because i t  removes t h e  troublesome s i n g u l a r i t i e s  encountered a t  t h e  
separat ion p o i n t s  and permits s t r a i g h t  forward computation o f  sepa- 
r a t e d  f lows. As a r e s u l t  o f  t h e  t h i n - l a y e r  approximation, t h e  govern- 
i ng  equations become simple and l e s s  complicated than those based on 
approximations t h a t  attempt t o  use streanwise gradients  para1 l e 1  t o  
the  body surface. The considerable s i m p l i f i c a t i o n  i n  nuner ica l  algo- 
r i t h m  and phys ica l  concept mo t i va te  t h e  s t r a i g h t  forward implementa- 
number t i o n  o f  t he  approximation i n t o  computer codes f o r  h igh  Reynolds 
f lows.  
I n  t h e  present research work t h i s  concept i s  extended i n  a 
A t h ree  coord inate d i r e c t i o n s  f o r  a general coordinate system. 
v iscous terms con ta in ing  t h e  cross d e r i v a t i v e s  a2/ax ax when 
a re  neglected w h i l e  r e t a i n i n g  t h e  normal d e r i v a t i v e s  a2/ax ax 
i j  
i j  
1 
1 t h e  
i # j  
when 
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i = j i n  each direction. For example, along each coordinate 
direction the X d i v  - u i n  Eq. (3.7b) wi l l  be expressed as 
neglected r e t  ai ned neglected 
- - - - - - -  
I 
a u l  a x 3  
a x 3  a x 1  
a $  a x 3  
a x 3  ax* 
 - 0  
I 
- 
I I 
The above expression can be expressed i n  
direction as follows: 
a tensor form for each X - 
I t  should be noted, tha t  n o t  a l l  the retained terms are larger 
Retention of a l l  the second order normal than the neglected terms. 
derivative terms make the approximation convenient and consistent such 
that a l l  dominant terms are retained for a general coordinate system 
except a t  the juncture between two walls. Near the juncture between 
8 
8 
1 
8 
I 
I 
I 
I 
I 
E 
8 
I 
1 
8 
E 
E 
I 
8 
8 
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t w o  wa l l s  t h e  neglected cross d e r i v a t i v e s  can be o f  t h e  same order  o f  
magnitude as the  normal de r i va t i ves .  
c a r r i e s  w i t h  i t  a low momentun f l u i d  and hence neg lec t i ng  the  cross 
d e r i v a t i v e s  w i l l  not  a l t e r  s i g n i f i c a n t l y  the  bas ic  physics o f  the  f l o w  
f i e l d .  
l a y e r ) ,  t he  v iscous terms can be completely neglected i n  any p a r t i c u -  
l a r  d i r e c t i o n ,  and the  present a lgor i thm w i l l  reduce back t o  a t h i n -  
l aye r  approximation f o r  the  presence o f  v iscous shear l aye rs  i n  two o r  
o n l y  one d i r e c t i o n .  
But t he  f l ow  a t  the  j unc tu re  
When no t  needed (because o f  t h e  absence o f  a t h i n  shear 
3.4 Mesh System 
For  s imple con f igu ra t i ons  l i k e  swept and sharp f i n s  on a f l a t  
p la te ,  an a lgebra ic  g r i d  generat ion technique i s  used t o  generate the 
mesh. 
d i s t r i b u t i o n .  
This  technique o f f e r s  an easy c o n t r o l  o f  the  g r i d  spacing and 
A modi f ied  e l l i p t i c  g r i d  generat ion technique [44] w i t h  
d i r e c t  c o n t r o l  over t h e  g r i d  spacing i s  used t o  generate the  mesh a t  a 
f i l l e t e d  f i n j f l a t  p l a t e  j unc t i on .  
(-) 
cont inuous f i l l e t s  i n  t h e  plane o f  synmetry. 
The equat ion o f  t he  super e l l i p s e  
X n  
a b 
+ ( I)" = 1, i s  used t o  generate the  g r i d  f o r  c i r c u l a r  and 
The three-dimensional 
g r i d  f o r  a sharp f i n  (F ig .  3.4) i s  obtained by s imply  s tack ing  
h o r i z o n t a l  g r i d  i n  the  d i r e c t i o n  normal t o  the  f l a t  p l a t e  surface. 
The three-dimensional g r i d  s t r u c t u r e  f o r  a swept and f i l l e t e d  f i n  
(F ig .  3.5 and 3.6) i s  obta ined by s imply  r o t a t i n g  the  g r i d  i n  the  
plane o f  symnetry about the  center  o f  t he  f i n  leading edge. 
i s  c lus te red  near the  f i n  and p l a t e  surfaces us ing an exponent ia l  g r i d  
The g r i d  
s t r e t c h i n g  formula t o  prov ide adequate r e s o l u t i o n  o f  t h e  v iscous 
8 
I 
I 
8 
I 
8 
8 
I 
t 
1 
8 
I 
I 
E 
I 
E 
8 
8 
I 
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F i g .  3 . 4  Mesh d i s t r i b u t i o n  on sharp f i n  and f l a t  p l a t e  
FLAT PLATE 
F i g .  3.5 Mesh d i s t r i b u t i o n  on swept f i n  and f l a t  p l a t e  
34 
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8 
FLAT PLATE 
F i g .  3 .6  Mesh d i s t r i b u t i o n  on f i l l e t e d  f i n  and f l a t  p l a t e  
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Since the  f l o w  i s  assuned t o  be steady and synmetr ica l  o n l y  e f f e c t s .  
one-hal f  o f  the  f l ow  i s  computed. 
3.5 Boundary Condi t ions 
The phys ica l  boundary cond i t i ons  t o  be imposed are problem 
dependent. 
b l u n t  f i n / f l a t  p l a t e  geometries. I n  t h i s  case, a supersonic l a n i n a r  
boundary l a y e r  develops on the f l a t  p la te .  
lead ing  edge generates a bow shock wave which i n t e r a c t s  w i t h  the  
boundary l a y e r  on the  f l a t  p l a t e .  
A t  present, the 30 Navier-Stokes code has been appl ied t o  
The d e f l e c t i o n  o f  the  f i n  
The boundary cond i t i ons  appl ied may be categor ized as fo l lows:  
3.5.1 I n f l o w  Boundary 
The incoming f l o w  i s  supersonic (except i n  the  subsonic p o r t i o n  
o f  the  boundary l a y e r )  and the  i n f l o w  boundary i s  e s s e n t i a l l y  perpen- 
d i c u l a r  t o  the  oncoming f low.  
p o i n t  from outs ide  towards the computational domain and the  appropr i -  
a te  boundary c o n d i t i o n  i s  t o  s p e c i f y  u, v, w, C, and ei. 
b l u n t  f i n ,  the  upstream boundary l aye r  p r o f i l e  i s  obtained from a two- 
dimensional compressible boundary 1 ayer code [45]. 
Consequently a l l  f l o w  c h a r a c t e r i s t i c s  
For t he  3-D 
3.5.2 Out f low Boundary 
The outgoing f l o w  i s  assuned t o  be supersonic (except i n  the  
subsonic p o r t i o n  o f  t he  boundary l aye r ) ,  and the  ou t f l ow  boundary i s  
e s s e n t i a l l y  perpendicu lar  t o  the  outgoing f low.  I n  t h i s  case a l l  t he  
f l o w  c h a r a c t e r i s t i c s  p o i n t  from i n s i d e  t o  ou ts ide  o f  t he  computational 
domain, and thus the  ou t f l ow  va r iab les  must be determined from the  
37 
i n t e r i o r  f low so lu t i ons  by zeroth order  ex t rapo la t ion .  
assumed t o  be i n f i n i t e  i n  length  and height  so t h a t  zero-gradient 
The f i n  i s  
boundary cond i t i ons  are appropr ia te a t  t he  ou ter  boundaries i n  the  
corresponding d i r e c t i o n s .  The ou ter  boundary o f  J = Jmax i s  
s i t ua ted  f a r  enough t o  avoid any i n f l uence  on the i n t e r a c t i o n  reg ion.  
T h e o r e t i c a l l y  one can prescr ibe  a boundary l aye r  p r o f i l e  on t he  
i s o l a t e d  f l a t  p l a t e  a t  each x - loca t ion  along the  ou ter  boundary as 
shown i n  F ig .  3.7. These p r o f i l e s  a re  obtained from so lv ing  the  
compressible boundary l aye r  equations f o r  f l o w  over a f l a t  p la te .  
3.5.3 S o l i d  Boundary 
A t  a s o l i d  wa l l  boundary t h e  f o l l o w i n g  boundary cond i t i ons  are 
enforced 
- = o  aP 
an 
(3.18) 
a T  - T = Tw o r  k -  
an - qw 
where = (u, v, w) i s  t he  Car tes ian v e l o c i t y  vector,  p i s  t h e  
i s  t he  s t a t i c  pressure, Tw i s  the  s p e c i f i e d  wa l l  temperature, qw 
s p e c i f i e d  wa l l  heat f l u x  and k i s  t h e  c o e f f i c i e n t  o f  thermal con- 
d u c t i v i t y .  The boundary c o n d i t i o n  f o r  t he  s t a t i c  pressure i s  an 
approximation t o  the  exact boundary cond i t i on  der ivab le  from t h e  
normal component o f  t h e  momentun equations, and has been app l ied  fo r  a 
v a r i e t y  o f  f lows i n v o l v i n g  shock wave boundary l aye r  i n t e r a c t i o n .  
8 
I 
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I 
-xo- x *= (x -xo I /o  
F i g .  3.7 Boundary layer profiles on the f l a t  plate a t  J=JmaX 
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3.5.4 Symmetry Boundary 
The f i n  i s  a t  zero angle o f  a t tack,  and t h e  f o l l o w i n g  boundary 
cond i t i ons  apply on the  plane o f  s y m e t r y .  
V.n - = 0 
3.6 I n i t i a  
an 
aP - =  0 
an 
(3.19) 
Condit ions and Blunt Body S t a r t i n g  Condi ,ions 
The simplest  way t o  s t a r t  a computational s o l u t i o n  i s  by assuning 
t h a t  a l l  i n i t i a l  cond i t i ons  are the  same as the incoming f l o w  
s o l u t i o n s .  This may r e s u l t  i n  over compression near t h e  s tagnat ion 
reg ion fo l lowed by an over expansion around the  shoulder. This may 
cause t h e  n m e r i c a l  scheme t o  become unstable, thereby r e s u l t i n g  i n  
negat ive densi ty .  
t ime  step du r ing  s t a r t - u p  by g radua l l y  en fo rc ing  the  no s l i p  w a l l  
boundary cond i t i on .  
shock as a d i s c o n t i n u i t y  and s t a r t e d  w i t h  an assuned pressure d i s t r i -  
but ion,  i n  add i t i on  t o  t h e  s o f t  s t a r t  technique. 
research work, a simple formula i s  employed t o  avoid over expansion 
around the  shoulder [40]. 
reg ion,  t h e  normal v e l o c i t y  component i s  se t  t o  zero on t h e  surface of  
To avoid t h i s ,  Pul l iam and Stegar [46] used a small  
Rizk, Chaussee, and McRae [47] t r e a t e d  t h e  bow 
I n  t h e  present 
As depic ted i n  Fig. 3.8 near t h e  n'ose 
40 
C I - X  L 
F ig .  3.8 Region near the  nose f o r  s e t t i n g  b l u n t  body s t a r t i n g  
c o n d i t i o n s  
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the body a t  C ,  and then increased l inearly t o  the incoming flow 
velocity a t  a predetermined location, say D. 
a t  a p o i n t  between C and D i s  
The formula for velocity 
r 1 
where LCD i s  the fixed length between two points C and D and 11 is 
the variable length from the surface. The density and energy are set  
equal to  the incoming flow conditions. T h i s  simple device may be 
interpreted as a defect i n  normal momentun and hence kinetic energy i n  
the small region near the b l u n t  nose. 
nonphysical flow f i e ld  developnent and allows large time steps d u r i n g  
the s t a r t  up phase. Though different possible boundary conditions 
were discussed the exact boundary conditions used i n  the present study 
This device alleviates the 
are the sane as given i n  the previous nunerical study of supersonic 
junction flow [40]. 
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Chapter 4 
METHOD OF SOLUTION 
In this section, the finite volume formulation is developed for 
solving the compressible Navier-Stokes equations at high Reynolds 
number. 
MacCormack's [48] explicit-implicit scheme in time split fashion to 
reduce the three-dimensional equations to three sets of locally one- 
dimensional equations. 
The governing equations are integrated numerically using the 
4.1 Finite Volune Formulation 
A finite volume cell, indexed by (i,j,k), is defined by eight 
corner points connected with straight lines, as shown in Fig .  3.1. 
Each edge o f  the finite v o l m e  cell is identified by a coordinate 
3 location ( i t  ,x2 ,xk) interchangeable with ,< ),  where j j k  
x1 i = si = (i-1) A E ,  i = 1, IL 
(4.1) 
and the grid spacing along the local coordinate direction is given by 
42 
 AX^ = Arl = l / ( JL-1)  
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(4 .2 )  
A X 3  = A C  = l/(KL-1) 
The enclosed surface of  each f i n i t e  volune ce l l  consists of a family 
of three coordinate surfaces t h a t  delineates the hexahedronal mesh 
ce l l .  The above formula yields a u n i t  cube for the transformed compu- 
tational domain. The choice of a cube o f  u n i t  dimension i n  the compu- 
t a t i o n a l  domain i s  arbitrary,  and the other investigators have chosen 
the lengths of each side t o  yield Ax1 = Ax2 = A X 3  = 1 so t h a t  the 
volume of each computational cell  i s  given by d v  = g Ax1 A x 2  Ax3.  
I t  should be understood i n  E q .  (3.5) that  g i s  the volume of the 
1 / 2  1 
cel l  dv  ( i , j , k ) ,  the term g g represents the contravariant 
surface normal for the surface x'= constant and - u . g 
sponding contravariant velocity evaluated at  the bounding surfaces. 
1 / 2  
112  
- 
a. i s  the c o r r e  
1 1 2  1 
Therefore, i n  Eqs. ( 3 . 7 )  ( 9 )  g i s  the surface area for  X a .  = 
1 1  
- 
constant projected on the Cartesian coordinate of x '  = constant. 
1 / 2  112  a. 
In the f i n i t e  difference approach, ( g  ) and g g are 
defined a t  each g r i d  p o i n t  loca t ion ,  and are typically evaluated by a 
Th i s  leads t o  
- 
two-point central difference i n  a l l  three directions. 
an inconsistancy in the volune and surface normal calcu 
tha t  the geometry conservation law i s  n o t  sa t isf ied and 
difference scheme cannot recapture the free stream. Th 
tency does not occur i n  the present approach. 
a t ions  such 
hence the 
s inconsis- 
Note that any open-surface element for  a g i v e n  boundary enclosing 
the surface has a unique, effect ive surface vector - S that  i s  inde- 
pendent of the shape of the surface. This i s  because, applying the 
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divergence theorem t o  a constant vector,  t h e  i n t e g r a l  o f  t h e  outward- 
o r i en ted  surface normal over a closed surface vanishes as given below 
I s  0 fi ds = V (0 d v = 0 f o r  + = constant (4.3) 
For example, t h e  surface vector  S 5 8 7 6  
the choice o f  which t h e  p a r t i t i o n i n g  surface diagonal i s  used t o  
i n  Fig.  3.1 i s  independent o f  
n a  
the  
d e f i n e  c e l l  volunes. Indeed whether a l l  t he  f o u r  v e r t  
plane o r  not, t he  e f f e c t i v e  surface vector  i s  equal t o  
cross-product o f  i t s  diagonal segments, i .e., 
ces l i e  
one-ha1 f 
( 4 . 4 )  
Given e i g h t  corner po in ts  of  each f i n i t e  volune c e l l ,  a simple 
way t o  c a l c u l a t e  the volune i s  t o  d i v i d e  each face i n t o  two planar 
t r i a n g l e s ,  
each face s ince the  diagonals o f  f o u r  nonplanar p o i n t s  do no t  i n t e r -  
sect. 
laps,  neighbor ing c e l l s  must have t h e  sane surface p a r t i t i o n i n g .  I n  
the  present study a simple formula developed by Kordu l l a  and Vinokur 
[49 ]  i s  employed t o  c a l c u l a t e  the  volune o f  each c e l l  as 
The volune i s  then dependent on which diagonal i s  used on 
I n  order f o r  neighbor ing c e l l s  t o  be contiguous, wi thout  over- 
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With t h e  volune and sur face evaluated i n  i n t e g r a l  form, Eq. (3 .5 )  
can be d i s c r e t i z e d  as 
where gi ,j,k 
center  of  t he  c e l l  and ( q  -- u + b ) .  - S i s  t h e  corresponding f l u x  evalu- 
ated a t  the surface o f  each f i n i t e  volune c e l l .  I n  t h e  present study, 
t h e  d i s c r e t i z e d  f i n i t e  volume formulat ion,  Eq. ( 4 . 6 )  i s  used f o r  
computation. 
Eq. (3 .5)  w i l l  be used. 
evaluated are based on Eqs. (3.7a) -(3.7c) w i t h  corresponding i n t e r -  
p r e t a t i o n s  of (9 )  as the  volune a t  t he  c e n t r o i d  and ( 9 )  CJ as 
t h e  sur face normal evaluated a t  t he  boundary o f  each f i n i t e  volune 
c e l l .  
i s  a vector  o f  t he  dependent v a r i a b l e  located a t  t h e  
I n  l a t e r  discussions, f o r  t h e  purpose o f  explanat ion,  
However, d e t a i l s  o f  terms which have t o  be 
1 / 2  112 
It i s  i n t e r e s t i n g  t o  see t h a t  t h e  f i n i t e  volume fo rmu la t i on  does 
not  r e q u i r e  a g lobal  coordinate t ransformat ion.  
da ta  needed concerning the mesh are t h e  th ree  Cartesian coordinates of 
each o f  t he  e i g h t  v e r t i c e s  of every c e l l  i n  t h e  mesh system. 
Moreover, t h e  sur face and volune o f  each c e l l  are w e l l  def ined and 
c o n s i s t e n t l y  evaluated, i n  con t ras t  t o  a f i n i t e  d i f f e r e n c e  approach 
where t h e  t ransformat ion c o e f f i c i e n t  and the  Jacobian are evaluated 
from surrounding points .  
I n  f a c t ,  t h e  o n l y  
1 / 2  
I n  f i n i t e  volune formulat ion,  o n l y  t h e  c e l l  volune (9 )  and 
1 / 2  
the sur face normal ( g  )CJ' are needed f o r  i n v i s c i d  f l ow  coinpu- 
t a t i o n s .  To evaluate the  viscous terms, t h e  d is tance between t w o  
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I 
adjacent mesh c e l l s  i s  needed. I n  the  present approach, ins tead o f  
c a l c u l a t i n g  t h i s  d is tance from the cent ro id ,  the  vector  between two 
adjacent c e l l s  ( i , j , k )  and ( i+ l , j , k )  (see F ig.  4.1) i s  s e t  i n  the  same 
d i r e c t i o n  as the surface normal t o  the sur face 
by 
Sb, and i s  evaluated 
When shape v a r i a t i o n s  are large, a more appropr ia te formula should be 
used f o r  eva lua t i ng  the me t r i cs  as g iven by the  f o l l o w i n g  formula. 
This imp l ies  t h a t  i n  a viscous dominated region, f o r  instance near t h e  
wa l l ,  t he  g r i d  l i n e s  would be requ i red  t o  be near l y  orthogonal  f o r  an 
accurate eva lua t ion  o f  viscous terms. 
4.2 E x p l i c i t  MacCormack Algor i thm 
The MacCormack's explicit algorith is implemented using a syn- 
met r i c  sequence o f  t ime s p l i t  operators.  
genera l l y  known as t h e  method o f  a l t e r n a t i n g  d i rec t i ons ,  has been most 
popu la r l y  used t o  s p l i t  t h e  complex operators  i n t o  a sequence of 
s imp ler  ones. This  concept i s  app l ied  here t o  reduce the  se t  o f  
three-dimensional equations, Eq. ( 3 . 5 ) ,  i n t o  th ree  sets  o f  one-dimen- 
s iona l  equations. 
The concept o f  s p l i t t i n g ,  
Equat ion (3.5) can be s p l i t  i n t o  th ree  l o c a l  l y  one-dimensional 
(LOD) operators  as fo l lows:  
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I 
I 
c F i g  4.1 Dis tance  d between two adjacent  c e l l s  -i , j , k  
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i A  
LX: g,t + = 0 (no sunmation i n  i )  i = 1, 2,  o r  3 ( 4 . 9 )  
Here, each o f  the s p l i t  operators  conta ins the  s p a t i a l  d e r i v a t i v e s  o f  
f l u x  i n  o n l y  one d i r e c t i o n .  
scheme, the sumnation convention w i l l  not  be used i n  t h i s  sect ion.  
Since, t h i s  concept i s  l i m i t e d  t o  the LOD 
iA 
Let  A t  be the  time step, n the t ime leve l ,  and - F the f l u x  
i across the  c e l l  surface x = constant.  The LOD pred ic to r -cor -  
r e c t o r  scheme i n  a general ized coord inate system can be expressed as 
fo l l ows :  
P red ic to r :  
e x p l i c i t  
update 
Corrector :  
exp l  i c i  t 
update 
A f" = - At( A- :E) 
A X  
(4.  l oa )  
(4. l o b )  
Here, the  overbars i n  the  co r rec to r  sweeps i n d i c a t e  t h a t  the quan- 
t i t i e s  a re  determined w i t h  updated p r e d i c t o r  values. The A+ and A 
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i n d i c a t e  forward and backward two-point  d i f f e rences .  
operators are a l l  one-sided by  themselves, t he  r e s u l t i n g  a lgor i thm i s  
second order  accurate i n  space and time. 
i 
A1 though t h e  
Each o f  t he  Lx operators discussed above cons is t s  o f  a 
p red ic to r - co r rec to r  set, and requ i res  no b lock  o r  sca la r  t r i d i a g o n a l  
invers ion .  Because o f  t he  noncommutativi ty o f  Lx operators,  t h e  
combined nuner ica l  scheme i s  accurate o n l y  t o  f i r s t  order.  
the  second-order accuracy, a symnetric sequence o f  LOD operators,  
developed by  Strang [50] i s  used. 
- q i s  updated i n  t ime according t o  the  f o l l o w i n g  r e l a t i o n :  
i 
To r e t a i n  
S p e c i f i c a l l y ,  t h e  s o l u t i o n  vec tor  
A 
(4.11) 
By t h i s  procedure the  s o l u t i o n  i s  advanced two t ime steps from t t o  
t + 2 A t .  
1. Temporal Accuracy 
I n  o rder  t o  r e t a i n  a second order  accurate scheme i n  t ime f o r  the  
operator sequence o f  Eq. ( 4 . 1 1 ) ,  the  t o t a l  time app l ied  t o  each 
operator  must be t h e  same, i.e., 
A t  = A t r l  = A t  = A t  (4.12) 
5 5 
2. Numerical S t a b i l i t y  
Because o f  t h e  complex i ty  o f  t h e  f u l l  Navier-Stokes equation, i t  
i s  no t  poss ib le  t o  ob ta in  a closed-form s t a b i l i t y  expression f o r  the  
MacCormack scheme app l ied  t o  these equations. 
set  o f  equations, can be subjected t o  von Newnann type s t a b i l i t y  
However, t h e  l i n e a r i z e d  
I '  50 
T 
8 
analys is .  In order t o  ma in ta in  nuner ica l  s t a b i l i t y ,  t h e  t ime f o r  each 
operator  must s a t i s f y  the f o l l o w i n g  s t a b i l i t y  cond i t ion :  
A t  6 A t  
CFL s 
(4.13) 
where the  maximum al lowable t ime steps A t  and A t  , 
are given i n  Appendix A. 
~ F L  
The e x p l i c i t  MacCormack's a lgor i thm o f  has several  advantages. 
F i r s t ,  the  method i s  second-order accurate i n  t ime and space. Second, 
i t  i s  r e l a t i v e l y  easy t o  code the  e x p l i c i t  a l g o r i t h .  
e x p l i c i t  a lgor i thm i s  e a s i l y  vec tor izab le .  Fourth, the a lgor i thm i s  
robust ,  i n  the  sense t h a t  i t s  o v e r a l l  s t a b i l i t y  i s  r e l a t i v e l y  insen- 
s i t i v e  t o  the i n i t i a l  cond i t ions  employed. I n  p r a c t i c a l  terms, t h i s  
imp l i es  t h a t  the i n i t i a l  c o n d i t i o n  need no t  be c lose  t o  t h e  f i n a l  
so lu t i on .  In a l l  the  computations t o  date on three-dimensional 
problems, t h e  f l o w  i n i t i a l  cond i t i ons  are obtained by s imply  propa- 
ga t ing  the  prescr ibed boundary l a y e r  a t  t he  ou ter  boundary of J = 
Third, t he  
throughout the  mesh. Jm ax 
Computations i n v o l v i n g  the  compressible Navier-Stokes equat ions 
sometimes "blow up" because o f  l a r g e  gradients ,  f o r  example when the  
f l o w  f i e l d  conta ins s t rong shock waves. 
p r a c t i c a l  t o  r e f i n e  the  mesh i n  these regions, p a r t i c u l a r l y  if they 
are  f a r  removed from the reg ion  o f  i n t e r e s t .  For such s i t u a t i o n s  a 
f o u r t h  order damping term i s  added t o  the scheme t o  suppress the  
In many instances, i t  i s  no t  
5 1  
nunerical oscillations. This smoothing term has a very small 
magnitude except in regions of pressure oscillations where the trunca- 
tion error is already degrading the computed solution, and should be 
nearly zero as steady state is approached. 
4.3 Implicit MacCormack Algorithm 
For computations involving full Navier-Stokes equations, grid 
lines have to be clustered in the direction normal to the wall. In 
such situations, the explicit CFL stability limit becomes very 
restrictive and a large number of iterations are required to reach a 
steady state solution. 
shows that there are no restrictions on the time o f  integration and 
that it is unconditionally stable. 
Bi-diagonal Scheme and Locally One-Dimensional Time Splitting 
The stability analysis of the implicit schemes 
The bi-diagonal impl icit scheme in generalized coordinates at 
time level n is introduced into explicit predictor and corrector 
steps as follows: 
Predictor: 
expl icit 
update 
A A n + l  
P"+l = - + 
(4.14a) 
Corrector: 
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The matrices I '2 - I are'rnatrices w i t h  positive eigenvalues. 
where 
0 
The si are the s imilar i ty  transformation matrices which diagonalize 
the Eulerian Jacobian pI i n  E q .  (3.6) by set t ing p = x = 0. The 
i 
diagonal terms of  the matrix I 01 
sentative eigenvalues defined by 
iA 
contains three d is t inc t  repre- 
i 
2 pyM- gii - -  
RePr pAxi A t  
U 
i i  i 
where gii = g '3  . The eigenvalues o f  t h e  diagonal m a t r i x  I 1 I 
f o r  i = 1, 2, 3 can be expressed as fo l l ows :  
f o r  i=l x1 = A3 = Ab = 
1 1 1 1 
1 
u -a lA2= lAu+a, and A 5  = 'A 
2 
u-a and A 5  = 2A u+ a 
3 
3 ~ 4  = 3~ u+ a and A 5  = 'A u-a 
A 
Each t ransformat ion m a t r i x  of Mi f o r  i = (1, 2 ,  3) i s  s p l i t  i n t o  
th ree  matr ices which can be expressed as fo l l ows :  
where 
0 
P - l  
0 
0 
-0 U 
0 
0 
P -l  
0 
-6 V 
0 
0 
0 
P -1 
-0 w 
a = 0 . 5 ( u 2 + v 2 + ~ 2 )  and 0 = (y -1 )  
for i = 1 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
- e 1 ( 3 ' )  0 e l ( l l )  0 I 
0 0 0 
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- 
0 
0 
1 
0 
1 - 
for i = 2 
= o  
M2C 
- 
1 
0 
0 
0 
b 
0 0 
1 0 
0 p a  
M2,. = 
0 0 
0 -pa  
P 
1 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 0 0 0 
e 2 ( 2 ' )  -e2(1 ' )  0 0 
0 0 0 1 
I 
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for i = 3 
0 0 
1 0 
0 1 
0 0 
0 0 
0 0 
e 3 ( 3 ' )  0 
0 -a2 
0 0 
0 0 
pa 1 
-D a 1 
0 0 
0 0 0 1 
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- 1  / ( see)  i s  the component of the normal L e(il) - (ill Here, 
contravariant vector i n  the i '  direction. The M matrices transform 
6$ from conservative to  nonconservative variables; the matrices 
4 
M i t  account for  the orientation of the cel l  faces, x i  = constant, 
and matrices MiC then transform from nonconservative t o  character- 
i s t i c  forms. I t  i s  interesting t o  see tha t  the matrices M and MiC 
are the sane i n  the Cartesian coordinate system and non-orthogonal 
curvi l inear  coordinate system; the matrices M i T  account for  the 
generalized coordinate transformation. 
for  i = 1, 2, 3 are  expressed as follows: 
The character is t ic  variables 
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f o r  i = 1 
fo r  i = 2 
fo r  i = 3 
Now i t  i s  c l e a r  t h a t  
1/ 2 
6p + p a 6 i  . 93/(!333) 
6p - p a 6 i  . g3/(!333) 1/ 2 I 
A jp 
Mi t ransforms the  i n v i s c i d  p o r t i o n  o f  ' j 
i n t o  c h a r a c t e r i s t i c  form 6% j c  on ly  when i = j. This imp l i es  tha t ,  
i n  con t ras t  t o  the  u n s p l i t  formulat ion,  LOO t ime s p l i t t i n g  makes 
a 
1 
I R  
;I 
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variables consistent w i t h  the character is t ic  variables by means of the 
similari ty transformation employed i n  the implicit steps [Eqs. (4.14a) 
and (4 .14b) l .  
Two points should be noted here. F i r s t ,  i t  i s  an insurmountable 
task t o  develop the similari ty transformation for each en t i re  viscous 
Jacobian 4. To keep the r i g h t  hand side of Eqs. (4.14a) and 
(4.14b) as simple and s t ra ight forward  as possible, we follow here the 
suggestion given by MacCormack to  consider only the Eulerian Jacobian 
of ig - w i t h  the addition of a small nunber o f  dominant viscous terms t o  
the Eulerian eigenvalues. Second, the impl i c i t  procedure i s  skipped 
whenever the expl ic i t  s t ab i l i t y  conditions are sa t i s f ied  locally,  and 
the algorithm requires v i r tua l ly  no more computation time t h a n  an 
expl ic i t  method. 
iA 
Each spl i t  operator described above consists o f  an expl i c i t -  
impl i c i t  predictor-corrector se t ,  i s  second-order accurate i n  time and 
space, i s  unconditionally stable,  and requires no block or scalar 
tridiagonal inversion. Because of the noncomutativity o f  s p l i t  
operators, the simple combined nunerical scheme, L x l  Lx2 Lx3 i s  o n l y  
f i r s t  order accurate. To maintain, the second order accuracy o f  the 
method, a synmetric sequence of the LOD operators, developed by St rang  
[50] are employed. Here, the solution i s  advanced from time t t o  t 
+ 2At as follows 
(4.15) 
I 
59 
Each locally one-dimensional s p l i t  operator is  applied line by l ine  i n  
each sweep direction and,  hence, only needs one level plus three 
single arrays of  dependent variables. 
MacCorrnack scheme requires, i n  general, two time levels o f  variable 
plus a level o f  right-hand-side residuals for  a total  of three levels 
of variables stored. 
Without t h i s  sp l i t t ing ,  the 
4.4 Operation of Nunerical Code 
4.4.1 General Procedure 
The computation of three-dimensional shock 
interactions us ing  the numerical code i s  accomp 
as follows: 
wave boundary layer 
ished i n  three phases 
1. Mesh Generation and In i t ia l  Flow Condi,ion 
Depending on the investigation of the flow pas t  a 
specific configuration, the user generates the grid using a 
separate g r i d  generation code. Once the coordinates of the 
mesh points are known, the volune and surface normal f o r  each 
f i n i t e  volune cell  can be easily computed. The information 
concerning the storage architecture for the physical coordi- 
nates is  provided w i t h  the nunerical code. 
condition, including the upstrem (inflow) prof i les ,  and the 
profiles at  
user. 
ation the upstrem profi le  may be a uniform flow, or a 
boundary 1 ayer flow generated by solving the two-dimensional 
compressible boundary layer equations. The information con- 
The i n i t i a l  
J= J, on the f l a t  plate are provided by the 
Depending upon the particular geometry under consider- 
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cern ing the  storage f o r  the f l o w  f i e l d  and sur face normals i s  
provided i n  the  nuner ica l  code. 
2. Computation o f  the  Three-Dimensional Flow F i e l d  Using the  
Numeric a1 Code 
The nuner ica l  code i s  used t o  i n t e g r a t e  the  governing 
equat ion i n  t ime u n t i l  a steady s t a t e  s o l u t i o n  i s  obtained. 
The user o f  t he  code must ensure t h a t  reasonable c r i t e r i a  fo r  
the  achievement o f  steady f l o w  have been met. 
Graphic D isp lay  o f  Flow F i e l d  3. 
The user must develop h i s  own graphics code t o  post 
process the  output  generated by the  three-dimensional Navier-  
Stokes code. 
graphics code w i t h  the  graphics l i b r a r y  on the  host 
computer. 
I n  t h i s  regard, t h e  user may i n t e r f a c e  h i s  
4.4.2 Requirements on Gr id  
The body-or iented genera l ized coord inate system must p rov ide  
adequate r e s o l u t i o n  t o  unravel the  bas ic  phys ica l  aspects o f  t h e  f low 
f i e l d .  A complete se t  o f  mesh c r i t e r i a  f o r  judging the  a c c e p t a b i l i t y  
o f  the g r i d  system does no t  e x i s t  a t  present, except f o r  t he  process 
o f  mesh ref inement  which i s  genera l l y  n o t  f e a s i b l e  f o r  three-dimen- 
s iona l  Navier-Stokes simulat ions.  The determinat ion o f  the  accept- 
a b i l i t y  o f  a given g r i d  system, there fore ,  must be based on experience 
and previous nuner i c a l  computations. 
There are, however, a nunber o f  necessary c r i t e r i a  which may be 
i d e n t i f i e d  as fo l lows:  
1, Reso lu t ion  of Boundary Layers i n  the  D i r e c t i o n  Normal t o  the 
Boundary. 
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The flow f i e ld  i n  the direction normal t o  the boundary 
T h i s  i s  generally characterized by the steep flow gradients. 
i s  based on previous experience t h a t  a minimum of f i f teen 
(15)  g r i d  po in t s  be placed i n  the boundary layer depending on 
the amount of resolution needed t o  resolve steep flow g r a d i -  
ents. For a turbulent flow, the y of the f i r s t  mesh point 
should be located less than three wall uni ts  from the 
+ 
boundary f o r  accurate resolution of the viscous sublayer. 
The distance of the f i r s t  mesh p o i n t  from the wall i n  the 
2. Resolution of Boundary Layers i n  the Cross flow Direction. 
In the nunerical simulation o f  the three-dimensional 
flow f i e ld ,  a typical maximum g r i d  spacing i n  the cross flow 
direction i s  provided. 
where 6 i s  the boundary layer thickness to  accurately 
resolve the spatial  features of the flow f ie ld .  This 
c r i t e r i a ,  however, has not been extensively tested and more 
Stringent requirements may need t o  be imposed depending upon 
the flow configuration. 
Resolution of the Boundary Layers i n  the Streanwise Direction 
This i s  kept between 0.26 t o  0.86, 
3. 
The streamwise g r i d  spacing depends strongly on the 
character of the flow f i e ld .  In the vicini ty  of interaction 
region, the streamwise grid spacing i s  determined by the s ize  
o f  the interaction region. For nominally, two-dimensional 
shock-boundary layer interaction the size i s  a function of 
pressure r i s e ,  Reynolds nunber, and may be a fraction of the 
I 
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boundary 1 ayer th ickness. For a three-dimensional shock- 
boundary l aye r  i n te rac t i on ,  the s i z e  o f  the i n t e r a c t i o n  
reg ion  i s  1 arger than a corresponding two-dimensional i n t e r -  
ac t ion  w i t h  the same pressure r i s e .  
4. Resolut ion o f  the  I n v i s c i d  Flow 
The c r i t e r i a  f o r  g r i d  spacing i n  the  i n v i s c i d  reg ion  
depends upon the  p a r t i c u l a r  f l ow  conf igura t ion ,  and must be 
determined on a case-by-case bas is .  For exmple,  t he  ex is -  
tence o f  a bow shock upstream o f  t he  b l u n t  lead ing  edge a t  
h i g h  Mach nunbers may impose a s t r i n g e n t  l o c a l  c o n s t r a i n t  on 
the  i n v i s c i d  g r i d  spacing. 
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Chapter 5 
PHYSICAL CONDITIONS OF INVESTIGATION 
For understanding the flow past a wing/body junction, three 
specific simp ified geometries were selected. These include: (1) 
blunt swept f n/flat plate junction, (2) sharp fin/flat plate 
junction, and ( 3 )  filleted fin/flat plate junction. The special cases 
of blunt and sharp fins are used to obtain specific results for which 
extensive measurements on velocity and pressure distribution, skin 
friction, and surface yaw angles are readily available in the litera- 
ture. 
junction tne various parameters control 1 ing the interaction are D 
(diameter of the fin), A (fin sweep angle), 6 (incoming boundary layer 
thickness), M, (Mach number), and Re, (unit Reynolds number). The 
parameters controlling the filleted fin-induced interactions are R 
( f  i 1 let radius) and 6 (incoming boundary 1 ayer thickness). Si nce 
three dimensional computations are expensive, only limited parametric 
studies were carried out for selected values of sweep angle, fillet 
radius, Mach number, Reynolds number, and Mesh resolution. The range 
of values in each set of parameters is carefully selected to portray 
its dramatic influence in controlling the intersection flow fields. 
The flow field simulation of the selected cases can be easily 
attempted on existing super computers without requiring excessive 
computational resources. 
In a typical three-dimensional flow past a fin/flat plate 
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For t h e  s p e c i f i c  
junc t ion ,  comparative 
f o l l o w i n g  experimenta 
problem 
r e s u l t s  
cond i t 
5.1 Laminar Flow Past a Swept F in /F l  a t  P1 ate Junct ion--  
V a l i d a t i o n  w i t h  Experiment and P a r m e t r i c  Study 
5.1.1 Va l i da t i on  w i t h  Experiment 
o f  f l o w  past a b l u n t  f i n / f l a t  p l a t e  
were obtained corresponding t o  t he  
ons [16]: 
2 M m = 2.95, po -= 22261 N/m , To -= 298 K, 
6 = 0.225 cm, D = 1.875 cm, H = 7.5 cm, A = 0" 
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F igure  5.1 shows a s i m p l i f i e d  b l u n t  f i n / f l a t  p l a t e  j u n c t i o n  and 
var ious  l o c a t i o n s  along which t h e  computed r e s u l t s  a re  compared w i t h  
the  experimental measurements. The experimental i n v e s t i g a t i o n  
i n c  udes da ta  on pressure d i s t r i b u t i o n  along the  f i n  s tagnat ion  l i n e  
and se lected spanwise loca t ions .  To supplement the  measurements, o i l  
flo.. v i s u a l i z a t i o n  technique i s  a lso  used t o  reveal  t h e  g loba l  
s t r u c t u r e  o f  the f l ow  on the f i n  and f l a t  p l a t e  sur face.  
5.1.2 Parametr ic Study 
The parametr ic s tud ies  were conducted t o  i nves t i ga te  the  e f f e c t  
o f  f i n  sweep and incoming boundary l a y e r  th ickness. 
f o r  which s p e c i f i c  r e s u l t s  were obta ined are as fo l lows:  
The cond i t i ons  
E f f e c t  o f  F i n  Sweep 
2 M, = 2.95, po -= 22261 N/m , To -= 298 K 
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F i g  5 . 1  Geometry o f  b l u n t  f i n / f l a t  p l a t e  j u n c t i o n  showing t y p i c a l  
surface l o c a t i o n s  o f  comparison w i  th-experiment 
I 
8 
8 
8 
I 
8 
8 
I 
I 
I 
I 
0 
I 
I 
8 
1 
I 
8 
8 
66 
6 = 0.225 cm, D = 1.875 cm, H = 7.5 cm, A = 0' t o  45' 
E f f e c t  o f  Incoming Boundary Layer Thickness 
2 M OD = 2.95, po m= 2226 N/m , T o m =  298 K 
6 = 0.675 cm, D = 1.875 cm, H = 7.5 cm, A = 0' and 45' o n l y  
5.2 Laminar Flow Past a B lun t  F i n  - Condit ions f o r  Add i t iona l  
Resu l ts  and Parametric Studies 
5.2.1 Condi t ions f o r  Add i t i ona l  Resul ts  
The f o l l o w i n g  s p e c i f i c  cond i t i ons  were se lected t o  ob ta in  addi- 
t i o n a l  r e s u l t s  and f o r  parametr ic s tud ies:  
2 M rn = 2.36, po QD = 24000 N/m , To -= 294 K 
6 = 0.186 cm, D = 0.635 cm, H = 5 cm 
This s p e c i f i c  case was se lected t o  v a l i d a t e  t h e  code w i t h  the  exper i -  
mental measurements o f  v e l o c i t y  d i s t r i b u t i o n  i n  the  separated region. 
The experimental measurements were obtained by  o i l  f l o w  v i s u a l i z a t i o n ,  
Sch l ie ren  observat ions,  and l a s e r  anemometry and the  r e s u l t s  a re  
ava i l ab le  i n  [52]. 
5.2.2 Parametr ic Studies 
The pa rane t r i c  s tud ies  were conducted by using the  cond i t i ons  o f  
Sec. 5.2.1 and changing the  var ious parameters. 
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E f f e c t  of G r i d  Refinement 
To i n v e s t i g a t e  the  e f f e c t  o f  g r i d  refinement, t he  cond i t i ons  o f  
Sec. 5.2.1 were used and r e s u l t s  were obtained f o r  the f o l l o w i n g  th ree  
g r i d s :  
30 x 50 x 30, 40 x 100 x 30, 40 x 100 x 50 
E f f e c t  o f  Mach Number 
The f rees t rean s tagnat ion temperature was changed corresponding 
t o  each Mach number wh i le  keeping the  o ther  cond i t ions  constant  as 
g iven i n  Sec. 5.2.1. The r e s u l t s  were obtained f o r  t he  f o l l o w i n g  
cases : 
= 286 K To 
To 
M = 1.2, 
m 
= 294K M = 2.36, 
m 
M = 3.5, To 307 K 
m 
E f f e c t  of Reynolds Number 
The u n i t  Reynolds nunber o f  t h e  f rees t rean  i s  a l t e r e d  by changing 
the tunnel  s tagnat ion pressure wh i l e  keeping t h e  o ther  f reest rean 
cond i t i ons  constant  as g iven under Sec. 5.2.1. 
obtained f o r  the f o l l o w i n g  cases: 
The r e s u l t s  were 
= 1.25 x lo6/, 2 Po - = 12,000 N/m , Rea. 
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= 24,000 N/m 2 , = 2.5 x 106/m 
= 48,000 N/m 2 , = 5.0 x 1h-n 
P o  - 
Po 
I '  
5.3 Turbulent Flow Past a Sharp Fin/Plate Plate Junction 
5.3.1 Flow Past a 16' Sharp Fin 
For the case of a 16' sharp f i n  induced shock wave/boundary layer 
interaction, comparative resul ts  were obtained corresponding t o  the 
. following experimental conditions [53]: 
M = 4.0, Po  = 1180822 N/m 2 , To 336 K 
W 
6 = 0.46 cm, H = 3.7  cm, e = 16' 
The experimental study gathered data on wall pressure, surface yaw 
angle, and skin f r i c t ion  dis t r ibut ion a t  a specified spanwise location 
throughout  the interaction region. The experimental study employed 
o i l  flow visualization t o  understand the flow structure, Preston t u b e  
for measuring skin f r ic t ion ,  and cobra probes for flow f i e ld  yaw 
angles. 
5.3.2 Flow Past a 20' Sharp Fin 
The strong interaction generated by a 20' sharp f i n  on a f l a t  
plate i s  investigated corresponding t o  the following conditions [54]: 
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M = 2.93, Po  688320 N/m 2 , To OD= 260 K 
OD 
6 = 1.27 cm, H = 10 cm, e = 20' 
Figure 5.2 shows the axial location of experimental surveys where the  
computed pressure d i s t r i b u t i o n  i s  compared w i t h  experiment as a 
function of the Z- coordinate normal to  the f l a t  plate. 
ments were carried o u t  us ing  h i g h  Reynolds nunber supersonic tunnel t o  
measure the pressure and yaw angle as a function o f  the coordinate 
normal t o  the f l  a t  p l  ate. 
The experi- 
5.4 Turbulent Flow Past a Swept Fin/Flat Plate Junction 
For the case of swept f i n  induced shock wave/turbulent boundary 
layer interaction, comparative resu l t s  were obtained corresponding to  
the following experimental conditions [17): 
2 
6 = 5 cm, D = 5 cm, H = 35 cm, A = 0' to 60' 
M OD = 3.71, po OD= 203055 N / m  , To 339 K 
5.5 Turbulent Flow Past a Fil leted F i n  
5.5.1 Flow Past an Unmodified Junction 
For the case of low Reynolds nunber flow past a b l u n t  f i d f l a t  
plate  junction, results were obtained corresponding to  the following 
experimental conditions [33]: 
2 = 27000 N/m , To 312 K P o  M m = 2.5, 
LINE 
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Fig 5 . 2  Location o f  experimental surveys for 20" sharp f in  
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6 = 5 cm, 0 = 2.5 cm, H = 20 cm 
5.5.2 Flow Past a Modi f ied Junct ion 
For  the  mod i f ied  junc t ion ,  t he  e f f e c t s  o f  f i l l e t  rad ius  and in -  
coming boundary l aye r  th ickness were invest igated.  
E f fec t  o f  F i l l e t  Radius 
Two c i r c u l a r  f i l l e t s  w i t h  a rad ius  (R = 5 cm, 9 cm) and a con- 
junc t ion .  The incoming f l ow  
n the  b l u n t  f n / f l a t  p l a t e  j u n c t i o n  case. 
t i  nuous f i 1 1 e t  were used 
cond i t i ons  were kept as 
t o  modi fy  the  
E f f e c t  o f  Incoming Boundary Layer Thickness 
Keeping the  f i l l e t  rad ius  (R  = 9 cm) constant, t he  incoming 
boundary l a y e r  th ickness was decreased by  an order  o f  magnitude from 5 
cm t o  0.5 cm t o  i nves t i ga te  i t s  e f f e c t  i n  c o n t r o l l i n g  the  j unc tu re  
vor tex.  
Chapter 6 
RESULTS AND DISCUSSION 
The entire results obtained for the physical conditions described 
in Chap. 5 are presented and discussed in this chapter. 
physical conditions where experimental results were available, the 
For the 
nunerical results were obtained to validate the nunerical scheme and 
the computer code developed in this study. Extensive results were 
obtained for other physical conditions to study the behavior of three- 
dimensional separation for various high speed juncture flows. The 
effect of different parameters in controlling the intersection flow 
field were also investigated. 
6.1 laminar Flow Past a Swept Fin 
6.1.1 Computation o f  0' Swept Fin Flow Field 
The incoming flow conditions for this case are given in Sec. 
5.1.1. 
Figure 6.1 shows the comparison of pressure distribution along the fin 
The computations were carried out using  a 40 x 40 x 40 mesh. 
leading edge. The leading edge pressure is normalized by the pitot 
tube pressure behind the bow shock wave. The results show that the 
computed pressure distribution agrees we1 1 with the experimental 
values. The existence of a peak pressure on the fin leading edge is 
noticed around Z/D = 1.5. The minimum pressure is seen to occur 
around Z/D = 0.25. In the downward direction from this point, the 
pressure is seen to increase slowly towards the plate surface. 
computed results, therefore, appear to demonstrate the physically 
The 
realistic trend. 
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As po in ted  ou t  by Hung and Buning i311, t he  ex is tence o f  peak 
pressure on the  f i n  i s  due t o  multicompression o f  t h e  separat on 
shock. 
t o  extreme expansion created by the  horseshoe vor tex lead ing  t o  a 
The decrease o f  pressure f rom the  peak t o  the  minimum i s  due 
reversed supersonic zone on the  f i n .  The pressure increase i n  the  
d i r e c t i o n  towards the p l a t e  sur face i s  due t o  recompression f rom 
supersonic t o  subsonic f l ow .  This  creates an adverse pressure 
grad ien t  i n  the  d i r e c t i o n  toward the  p la te ,  r e s u l t i n g  i n  a supersonic 
zone on the  f i n .  
The computed pressure d i s t r i b u t i o n  on the  f l a t  p l a t e  along the  
l i n e  o f  symmetry i s  compared w i t h  the  experimental measurement fo r  an 
unswept f i n  i n  F ig .  6.2. The r e s u l t s  show good o v e r a l l  agreement 
except near the  j unc tu re  po in t .  The main fea tures  o f  t h e  f l ow  such as 
upstream in f luence,  pressure plateau, and t h e  pressure r i s e s  across 
the  f i n  bow shock and p l a t e  separat ion shock are a l l  we l l  s imulated by 
t h e  nuner ica l  code. The ex is tence o f  low pressure f o l l o w i n g  t h e  sepa- 
r a t i o n  pressure r i s e  i s  due t o  the  reversed h igh  speed f l ow  lead ing  t o  
a reversed supersonic zone above t h e  p l a t e  surface. 
6.1.2 Parametr ic E f f e c t  o f  F i n  Sweep and Boundary Layer Thickness 
The pressure d i s t r i b u t i o n  on the  f i n  lead ing  edge i s  i l l u s t r a t e d  
i n  F ig .  6.3 f o r  var ious f i n  sweep angles corresponding t o  the  con- 
d i t i o n s  g iven i n  Sec. 5.1.2. 
f i n  case us ing  an i d e n t i c a l  mesh. It i s  seen t h a t  as t h e  f in 'sweep 
increases, t he  l o c a t i o n  and magnitude o f  t h e  peak and minimum pres- 
sures decrease d r a s t i c a l l y ,  
magnitude o f  t h e  heat ing  r a t e  and peak pressure on t h e  f i n  lead ing  
The r e s u l t s  are compared w i t h  t h e  b l u n t  
As po in ted  ou t  by Edney [55], t h e  
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edge depend essentially on the geometrical parameters such as the f i n  
I sweep. 
thinner and may s t r ike  the f i n  leading edge f a r  downstream of the 
As the f i n  sweep angle increases the supersonic j e t  becomes 
impingement point where, because of diffusion i t s  effect  on the heat 
t ransfer  and peak pressure may be considerably lower than for the 
unswept case. 
above a cer ta in  c r i t i ca l  value, the result ing shear layer may miss the 
f i n  leading edge ent i re ly ,  and hence, h i g h  pressure and heat transfer 
d o  not occur. 
Edney further observed that as the f in  sweep increases 
Comparison of the pressure distribution on the f l a t  plate i s  
shown i n  F i g .  6.4 for various f i n  sweep angles. 
the f i n  sweep angle increases, the separation point on the plate 
surface moves downstream. Also, the peak pressure a t  the corner 
I t  is  noted that  as 
decreases drast ical ly  w i t h  increasing sweep angle. A1 t hough  no 
comparison of pressure distribution has been made w i t h  experimental 
measurements for  the swept f i n  case, the computed resul ts  agree qual i -  
t a t ive ly  i n  trend w i t h  the Price and Stall ings [17] data for a t u r b u -  
1 ent boundary 1 ayer. 
To further demonstrate the effect  of f i n  sweep on the interaction 
flow f i e ld ,  the code was r u n  for a thick incoming laminar boundary 
layer for  conditions given i n  Sec. 5.1.2. 
ness, i n  the previous case, was very small. 
g r i d  i n  this region created some ins tab i l i ty  i n  the nunerical simu- 
lation. 
e f fec t  o f  the f in  sweep on the interaction flow f i e ld ,  the code was 
run for 0' and 45' f i n  sweeps. 
u s i n g  a 40 x 40 x 40 mesh. 
lhe boundary layer thick- 
Hence, packing a f ine  
To remedy this si tuation and also t o  observe the de ta i l ed  
The computations were carried out  
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F ig .  6.4 Pressure d i s t r i b u t i o n  on the  f l a t  p l a t e  f o r  var ious  
f i n  sweeps 
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F igu re  6.5 shows t h e  computed pressure d i s t r i b u t i o n  on t he  f i n  
ng edge f o r  0' and 45' swept f i ns .  The r e s u l t s  c l e a r l y  demon- 
e the  d rana t i c  i n f l uence  of t h e  f i n  sweep on the  pressure d i s t r i -  
bu t i on .  It i s  seen t h a t  as the f i n  sweep increases, the  peak pressure 
and i t s  l o c a t i o n  along the f i n  lead ing  edge decreases d ramat i ca l l y .  
The l o c a t i o n  and magnitude o f  min imm pressure on the f i n  lead ing  edge 
a l so  shows a d r a s t i c  v a r i a t i o n  i n  t he  45' sweep case as compared t o  
the  0' sweep case. 
F igu re  6.6 shows t h e  comparison o f  pressure d i s t r i b u t i o n  on the  
f l a t  p l a t e  ahead o f  the  f i n  lead ing  edge f o r  0' and 45' swept f i n s .  
It i s  seen t h a t  as the  f i n  sweep angle increases the  p o i n t  o f  separa- 
t i o n  o f  t he  incoming f l o w  moves c lose r  t o  the  f i n  lead ing  edge. 
as the  sweep increases, no d e f i n i t e  f i r s t  peak i n  pressure i s  
observed. The f i n a l  pressure jump across the  f i n  lead ing  edge shock 
a lso shows a d r a s t i c  reduc t i on  i n  the  pressure f o r  t he  45' swept f i n  
as compared t o  the  0' swept f i n .  
through a severe adverse environment, s ince  the  f i n  bow shock i s  
a l igned normal t o  the  incoming f l ow  f o r  the 0' sweep fin. 
of  the  45' swept f in ,  t he  incoming f l o w  goes through t h e  ob l i que  bow 
shock formed ahead o f  the f i n  and s u f f e r s  l ess  severe change as 
compared t o  the  0' swept f i n .  
l e v e l  o f  the  peak pressure o f  the  flow ahead o f  t he  45" swept f i n .  
Also, 
This i s  because the  f l ow  goes 
I n  the  case 
This  i s  t he  reason f o r  reduc t i on  i n  the  
F i g u r e  6.7a and 6.7b show the  Mach nunber contours i n  t h e  plane 
o f  symnetry f o r  0' and 45' swept f i n s .  The separat ion shock, f i n  bow 
shock, and t h e  two reversed supersonic zones ( i n  the  case o f  0' sweep) 
have been c l e a r l y  i d e n t i f i e d .  As t he  sweep angle increases, t he  Mach 
nunber contours show c l e a r l y  t h e  decrease i n  the  ex ten t  o f  t he  
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separated reg ion.  It i s  noted t h a t  t h e  t w o  reversed supersonic zones 
(one on the  f i n  and one on the p l a t e )  are e l im ina ted  i n  the  45' swept 
f i n  case. A l a r g e  v a r i a t i o n  i n  the  Mach nunber i s  noted behind the  
f i n  bow shock f o r  the  0' sweep f i n  as compared t o  the  45' swept f i n .  
The normal ized s t a t i c  pressure contours i n  the  p lane o f  synmetry 
are shown i n  Figs.  6.8a and 6.8b f o r  0' and 45' swept f i n s .  The 
reg ions  of  h igh  pressure a t  the  f i n  lead ing  edge and low pressure a t  
the  corner are c l e a r l y  seen i n  the  contour p lo t s .  As compared t o  the  
unswept f i n  case, the  pressure behind the  shock f o r  t h e  45' swept f i n  
does not  show l a r g e  d i f f e rences  i n  the  peak pressure. 
ments demonstrate c l e a r l y  the  amel io ra t ing  e f f e c t  o f  t he  f i n  sweep 
because the  leading edge becomes more and more l i k e  a s lender e l l i p s e  
i n  the  f rees t rean  d i r e c t i o n  w i t h  t h e  increase i n  the  sweep angle. 
This means w i t h  a swept b l u n t  f i n  on a f l a t  p la te ,  there  i s  a reduc- 
t i o n  i n  the  upstream in f l uence  o f  t h e  bow shock, and the  e f f e c t  o f  
b luntness associated w i t h  the  f i n  i s  compressed i n t o  a small i n t e r -  
ac t i on  reg ion.  
t he  i n t e r a c t i o n  and hence the  pressure l e v e l s  throughout the  whole 
f l o w  f i e l d .  
metry  are shown i n  Figs.  6.9a i n d  6.9b. 
These two argu- 
I n  f a c t ,  t he  sweep c l e a r l y  reduces t h e  magnitudes o f  
The corresponding d e n s i t y  contours i n  the  plane o f  syn- 
6.2 Laminar Flow Past a Blunt  F i n  
In  t h i s  sect ion,  nuner ica l  r e s u l t s  are compared w i t h  a v a i l a b l e  
experimental data. Also, the  r e s u l t s  o f  g r i d  ref inement and o ther  
parametr ic  s tud ies  are presented and discussed. 
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6.2.1 Comparison of Computations w i t h  Experimental Data 
The base computations f o r  t h i s  case have been c a r r i e d  out using a 
30 x 50 x 30 mesh. The tunnel  f low cond i t i ons  are g iven i n  Sec. 
5.2.1. 
and comparison w i t h  the  experiment are shown i n  Fig. 6.10. It i s  
apparent t h a t  i n  the experiment the pressure begins t o  r i s e  a t  about 
ten  diameters upstream o f  t he  f i n  leading edge. 
occurs, i n  the experiment, f u r t h e r  downstream (X/D = - 6.8) between 
the  reg ions  o f  i n i t i a l  pressure r i s e  and pressure p la teau.  
sure reaches a v a l l e y  downstream o f  the  p la teau reg ion  and then 
increases across the  detached bow snock. The secondary separat ion i n  
the  reversed f l o w  occurs between the  pressure v a l l e y  and the  pressure 
p la teau.  The computed r e s u l t s  us ing the  base g r i d  (30 x 50 x 30) are 
i n  reasonable agreement w i t h  the  experiment i n  the  reg ion  upstream of 
t he  pressure p la teau.  As observed i n  the  experiment, t he  l o c a t i o n  of 
separat ion and i n i t i a l  pressure r i s e  are c l o s e l y  p red ic ted  by the  
computations. 
mental r e s u l t s  i s  no t  very  good downstrean o f  the  plateau. Further,  
t he  computed r e s u l t s  f a i l  t o  p r e d i c t  the  l eng th  o f  t he  p la teau reg ion  
acc u r  ate1 y . 
The computed pressure d i s t r i b u t i o n  along the ax is  o f  symmetry 
The separat ion 
The pres- 
However, t he  agreement between t h e  computed and exper i -  
The computed pressure d i s t r i b u t i o n  along the  f i n  s tagnat ion  l i n e  
(4 = 0'), and along var ious  9 = constant  and X/D = constant l i n e s  on 
t h e  f i n  surface, are shown i n  F igs.  6.11a and 6.11b. For 4 = 0' and 
45', the f i n  lead ing  edge pressure i s  referenced t o  the  t o t a l  pres- 
sure, pt2, behind t h e  normal shock. Otherwise, i t  i s  re ferenced t o  
t h e  f rees t rean  s t a t i c  pressure p,. It i s  c l e a r  from the  computed 
r e s u l t s  t h a t  the  peak pressure on the  f i n  sur face decreases 
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s u b s t a n t i a l l y  as the  f l o w  expands around the  b l u n t  f i n .  
pressure on the  f i n  surface a t  (I = 0' i s  about 1.1 and a t  (I = 45' i t  
i s  approximately 0.6. 
drops a t  (I = 45" bu t  not  as much as the peak pressure. 
drops below the  value o f  t he  t o t a l  pressure pt2 behind the  normal 
shock. The computed r e s u l t s  along the  f i n  s ide  face (F ig.  6.11b) show 
t h a t  t he  pressure drops below t h e  va lue o f  f reestream s t a t i c  pressure. 
As the  f l o w  cont inues t o  move downstream the  extremely low pressure on 
t h e  f i n  sur face vanishes downstream o f  t he  shoulder. 
The peak 
The magnitude o f  t he  minimum pressure a lso 
The pressure 
The computed and the  exper imenta l l y  measured streamwise v e l o c i t y  
p r o f i l e s  along the  l i n e  o f  synmetry are shown i n  Fig. 6.12. The 
streamwise v e l o c i t y  component i s  nondimensionalized w i t h  re ference t o  
t h e  f reestream v e l o c i t y  Ue; Ue i s  nominal ly  560 m/sec. 
l i n e s  along the  v e r t i c a l  ax is  show t h e  d isp laced o r i g i n  t o  avoid over- 
crowding o f  the  f i gu res .  The streamwise v e l o c i t y  p r o f i l e s  along X/D = 
-8.0 and -7 .2 (F ig .  6.12a) i n d i c a t e  preseparat ion behavior.  The 
v e l o c i t y  p r o f i l e  a t  X/D = -6.4 i nd i ca tes  t h a t  t he  separat ion occurs i n  
c lose  v i c i n i t y  o f  X/D = -6.4. 
occurs around X/D = -6.8. However, i t  was d i f f i c u l t  t o  make repeat-  
ab le measurements a t  t h a t  l o c a t i o n  due t o  the  inherent  unsteadiness o f  
the  f low.  Also, due t o  the  small sca le o f  t he  reversed f l o w  reg ion  a t  - 
X/D = -6.4, i t  was found d i f f i c u l t  t o  de tec t  the  reversed f l o w  reg ion  
i n  the  v i c i n i t y  of the  pr imary separat ion l i n e .  The v e l o c i t y  p r o f i l e  
a t  X/D = -5.6 c l e a r l y  shows t h e  reversed f l o w  region. 
p r o f i l e s  a t  X/D = -4.8, -4.0, and -3.2 are shown i n  F ig .  6.12b. These 
r e s u l t s  show t h a t  the  magnitude and he igh t  o f  t he  reversed f l o w  reg ion  
increases w i t h  inc reas ing  X/D. 
The dashed 
I n  the  experiment, t h e  separat ion 
The v e l o c i t y  
The streamwise v e l o c i t y  p r o f i l e s  
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a t  X/D = -2.4 and -1.6 are given i n  F ig .  
measurements show that the maximum magnitude of the reverse velocit ies 
a t  these two locations are approximately equal. A t  these locations, 
computed resu l t s  deviate significantly from measurement. The height 
of the reversed flow region decreases w i t h  increasing X/D.  
measured streamwise velocity profiles at  X/D = -3.2, -2.4, and -1.6 
display significant k i n k s  between the outer edge of the reversed flow 
region and the edge of the boundary layer. 
at tr ibuted t o  the inherent unsteadiness present in the flow. 
computed velocity profiles do not d i s p l a y  such behavior because the 
flow i s  assumed to  be steady. 
6 . 1 2 ~ .  The experimental 
The 
T h i s  phenomena i s  
The 
The vertical  velocity profiles a t  X/D = -4.8, -4.0, -3.2, -2.4, 
and -1.6 are shown i n  Figs. 6.13a and 6.13b. 
occurs around the outer edge of the boundary layer. 
the velocity then s t a r t s  decreasing i n  the z-direction towards the 
freestrean. 
the reversed flow region F i g .  6.12a,b,c increases w i t h  increasing 
X/D. 
The maximum velocity 
The magnitude of 
The m a x i m u m  velocity toward the plate and the height of 
The postulated mean streanline pattern shown i n  Fig. 2.2 requires 
positive streamwise velocit ies close to  the f l a t  plate s l igh t ly  up- 
s t rean of secondary and t e r t i a ry  separation l ines.  
observed i n  the junction demonstrates that  across the boundary layer, 
i n  the vicini ty  o f  secondary and t e r t i a ry  separation l ines ,  the verti-  
cal velocit ies remain positive. Moreover, the vortical pattern a l so  
requires t h a t  the vertical  velocity prof i le  change i t s  s i g n  more than 
once during a streamwise traverse along various z = constant l ines .  
However, the present vertical  velocity profiles do  not show such 
The flow s t ructure  
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behavior. 
are time dependent, b u t  the time averaged surface locations where the 
vortices are shed remain approximately constant. Thus, the stream1 ine 
pattern given i n  the plane of symnetry can be considered as one of the 
possible streanlines which succeed each other i n  time. 
Peake [56] have shown such a postulated sequence of the cyclic vorti- 
cal structures i n  low speed laninar flow past a c i rcular  cylinder. 
The unsteady nature of h i g h  speed laminar flow can be similar t o  low 
speed laninar flow. HOwever, further study i s  required t o  understand 
the unsteady nature of th i s  type of flow f ie ld .  The l i m i t i n g  stream- 
1 ine patterns on the plate surface shown i n  Fig. 6.14 depicts the 
separation and reattachment lines on the f l a t  p l a t e .  The primary 
separation, corresponding to  the most upstream separation location of 
the p l a t e  boundary layer, occurs roughly a t  about X/D = -6.2. 
reattachment l ine  of the flow i s  located very close to  the f i n .  
I t  can be hypothesized that the locations of vortex centers 
Tobak and 
The 
6.2.2 Effect of Grid and Flow Parameters 
In this subsection, the results of the parmetr ic  study of g r i d  
resolution and variation i n  Mach and u n i t  Reynolds nunbers are pre- 
sented. 
freestrean conditions g i v e n  i n  Sec. 5.2.2. 
For various cases, the flow f ie ld  i s  investigated for the 
The ef fec ts  of grid refinement on the wall pressure dis t r ibut ion 
These resu l t s  along the l i ne  of synmetry are shown i n  F ig .  6.10. 
demonstrate t h a t  computations using three different grids yield iden- 
t i ca l  resul ts  except for  the variation i n  the magnitude of the pres- 
sure valley. The computed pressure d i s t r i b u t i o n  along Q = 0" and 45" 
are  shown i n  Fig.  6.11a. Further plots o f  pressure d i s t r i b u t i o n  along 
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+ = 90' and downstrean of the  f i n  shoulder ( X / D  = 2.4 and 4.5) are 
shown i n  F i g .  6.11b. The pressure d i s t r i b u t i o n  along + = 0' i s  most 
s e n s i t i v e  t o  the  g r i d  ref inement.  
The s e n s i t i v i t y  o f  t he  g r i d  on streanwise v e l o c i t y  p r o f i l e s  a t  
var ious l oca t i ons  upstream o f  the  f i n  leading edge are shown i n  F ig .  
6.12. The most upstream separat ion l o c a t i o n  of the f l a t  p l a t e  
boundary l aye r  i s  i n s e n s i t i v e  t o  the  g r i d  ref inement.  The computed 
r e s u l t s  genera l l y  appear t o  move towards the experimental data w i t h  
r e f i n e d  mesh. However, a t  X/D = -2.4 and -1.6 (Fig.  6.12c), the 
nuner ica l  p r e d i c t i o n  using f i n e  mesh (40 x 100 x 50) s t i l l  d i s p l a y  
l a r g e  d iscrepancies wi th the  experiment. 
f i l e s  and comparison w i t h  the  experimental da ta  f o r  var ious  streamwise 
l oca t i ons  are shown i n  Fig. 6.13. 
s o l u t i o n  a t  X/D = -4.0 and -3.2 show some discrepancy w i t h  t h e  exper i -  
ment f o r  z - loca t ions  l e s s  than 2.5 mm. 
g r i d  are ab le t o  improve the p r e d i c t i o n  w i t h  the  experiment a t  these 
loca t i ons .  ' 
The v e r t i c a l  v e l o c i t y  pro-  
The coarse g r i d  (30 x 50 x 30) 
Computations using the  f i n e  
The n u n e r i c a l l y  s imulated p a r t i c l e  paths in t he  p lane o f  s p m e t r y  
f o r  var ious  g r i d s  s tud ied are shown i n  Fig. 6.15. 
t h e  presence o f  t w o  c lockwise r o t a t i n g  pr imary v o r t i c e s  and a t h i r d  
counter c lockwise r o t a t i n g  vor tex a t  t he  corner.  These r e s u l t s  demon- 
s t r a t e  t h a t  t h e  s t r u c t u r e  o f  the  f l o w  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  the 
g r i d  employed . 
The so lu t i ons  show 
The g r i d  ref inement study discussed i n  the  previous paragraphs 
es tab l i shed t h a t  a 40 x 100 x 30 mesh i s  s u f f i c i e n t  t o  p r e d i c t  the  
exper imental  measurements. 
d i s t r i b u t i o n  i n  the plane o f  symnetry i s  shown i n  Fig.  6.16 using a 40 
The e f f e c t  o f  Mach nunber on the  pressure 
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Fig. 6.15 Particle paths in the plane of symmetry for various 
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F i g .  6,15(continued) (b) 40x100~30 grid 
104 
II 
I 
il 
IE 
105 
PRIMARY 
Fig.  6.15( continued) 
VORTICES 
( C )  40x100~50 g r i d  
1.8 
1.4 
P - 1.2 
p, 
1.0 
.8 
COMPUTED M, 
1.2 
2.L 
3.5 
- -A  
- - -  - -  
Re, = 2.5 x 10 / m , T, = 2 8 3 K 
106 
.6 - 1 I I I I I 1 
X / D  
12 -10 -8 -6 --I - 2  0 
F i g .  6 .16  Pressure distribution along the line o f  symmetry for 
various Mach numbers 
107 
x 100 x 30 mesh. 
decrease the  length  o f  t he  most upstream separat ion distance. Also 
The e f f e c t  o f  inc reas ing  the  Mach nunber i s  t o  
the  magnitude of the  pressure p la teau f o l  lowing separat ion increases 
w i t h  an increase i n  the Mach number. The pressure d i s t r i b u t i o n  along 
t h e  f i n  s tagnat ion l i n e  shown i n  F ig .  6.17 i n d i c a t e  t h a t  as the  Mach 
number increases the z - l oca t i on  corresponding t o  the peak pressure 
decreases. However, the  l e v e l  o f  peak pressure remains constant  f o r  
r4 = 2.36 and 3.5. The minimun pressure on the f i n  also shows a 
d r a s t i c  reduc t ion  w i t h  increase i n  the  Mach nunber. Also, t he  v a r i -  
a t i o n  i n  pressure from a peak t o  a minimun increases w i t h  inc reas ing  
Mach number. 
QD 
The streanwise v e l o c i t y  p r o f i l e s  f o r  var ious Mach nunbers a re  
shown i n  Figs. 6.18a and 6.18b a t  se lected X/D l oca t ions .  
o f  inc reas ing  the  Mach nunber i s  t o  increase the  maximum reverse 
v e l o c i t y  towards the f l a t  p la te .  
p lane o f  synmetry) a t  var ious Mach nunbers are shown i n  Fig.  6.19. 
The r e s u l t s  ‘of Figs. 6.19b and 6.1% demonstrate t h a t  t he  flow a t  
h ighe r  Mach nunbers (MOD = 2.36 and 3.5) d i s p l a y  no abrupt change i n  
the  v o r t i c a l  s t ruc tu re .  6.19a), o n l y  a 
s i n g l e  vor tex r o t a t i n g  i n  the  c lockwise d i r e c t i o n  can be seen as 
opposed t o  mu1 t i - v o r t e x  pa t te rns  observed a t  h igher  Mach nunbers. 
S im i la r  t rends i n  f l ow  pat te rns  were observed by Baker [3] i n  low 
speed l a n i n a r  f l o w  where the  nunber o f  v o r t i c e s  i n  t he  j u n c t i o n  
increases w i t h  f reestream v e l o c i t y .  
The e f f e c t  
The simulated p a r t i c l e  paths ( i n  t h e  
However, a t  MQD = 1.2 (F ig .  
The e f f e c t  o f  u n i t  Reynolds nunber on the  pressure d i s t r i b u t i o n  
along t h e  l i n e  of symnetry i s  shown i n  Fig. 6.20. 
i nc reas ing  the  Reynolds nunber i s  t o  move the  l o c a t i o n  o f  the  f i r s t  
The e f f e c t  o f  
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peak i n  pressure s l igh t ly  inboa rd  toward the f i n  leading edge. 
rnagni tude of the pressure plateau remains approximately constant. The 
pressure distribution along the f i n  stagnation l ine ( F i g .  6.21) show 
t h a t  as the Reynolds number is  
t o  peak pressure moves s l igh t ly  upward. 
Z/D = 0.5 also shows a substant a1 variation to the increase i n  the 
u n i t  Reynolds nunber. 
The 
ncreased, the z-location corresponding 
The minimum pressure around 
The streanwise velocity prof i le  a t  various X/D locations shown i n  
F i g .  6.22 demonstrates t h a t  the maximun reverse velocity toward the 
plate  increases w i t h  an increase i n  the Reynolds nunber. Also, the 
height of the reversed flow region above the f l a t  plate decreases w i t h  
an increase i n  the Reynolds nunber. The computed par t ic le  paths, i n  
the plane of symnetry ( F i g .  6.23), show the effect  of Reynolds nunber 
on the flow structure.  
numbers ( F i g .  6.23b and 6 .23~)  show the presence of three vortices, i n  
contrast to  the si tuation a t  the lowest Reynolds nunber ( F i g .  6.23a) 
which depicts only two vortices. 
The flow structures a t  two higher Reynolds 
6.3 Computation of Three-Dimensional Sharp F i n  Flow Field 
6.3.1 Flow Past a 16' Sharp F i n  
The flow past a 16' sharp f i n  i s  simulated using the conditions 
given i n  Sec. 5.3.1. 
x 45 mesh. 
interaction region i s  se t  a t  a distance of less  than 5 wall units from 
the f in  and f l a t  plate surface. The present computations are compared 
w i t h  the previous numerical work of Horstman [56] and the experimental 
measurements of Peake [53] for  identical flow conditions. 
The computations were performed using a 40 x 45 
The y' location of the f i r s t  mesh p o i n t  ahead of the 
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6.23(continued) (b) ReR = 2.5x106m-1 
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The comparison of present r e s u l t s  w i t h  previous nuner ica l  and 
experimental i nves t i ga t i ons  are given i n  Figs.  6.24-6.26. F igure 6.24 
shows the  w a l l  pressure d i s t r i b u t i o n  on the f l a t  p l a t e .  
pressure i s  nondimensionalired w i t h  respect t o  the f reestream s t a t i c  
pressure.  The abscissa ( x-xshock ) i s  normalized w i t h  respect  t o  the 
incoming boundary l aye r  th ickness 6 u p s t r e m  o f  the  i n t e r a c t i o n  and 
The wa l l  
0 
i s  the a x i a l  l o c a t i o n  o f  the i n v i s c i d  shock wave a t  a s p e c i f i e d  shock X 
spanwi se s ta t i on .  
The pressure d i s t r i b u t i o n  curve p r e d i c t s  a gradual pressure r i s e  
due t o  separat ion o f  the  incoming boundary layer .  
reaches a p la teau fo l lowed by  a f i n a l  compression as t h e  f l ow  goes 
past the  f i n  lead ing  edge ob l ique shock wave. A l l  o f  the fea tures  
observed i n  the  experiment are c l o s e l y  p red ic ted  by  the  present nuner- 
i c a l  s imu la t ion .  It i s  i n t e r e s t i n g  t o  see t h a t  the  present ca lcu-  
l a t i o n  agrees very  c l o s e l y  w i t h  t h e  experiment as compared t o  the 
previous numerical Simulat ion.  A t y p i c a l  i n v i s c i d  s o l u t i o n  i s  also 
shown i n  Fig; 6.24. It i s  c l e a r  t h a t  t he  present c a l c u l a t i o n s  do no t  
g ive  a c r i s p  representa t ion  o f  the shock s t r u c t u r e  due t o  the nature 
o f  t he  scheme employed i n  the present study. 
The pressure then 
A comparison o f  t he  computed sur face yaw angles, tan-' ( v /u ) ,  
w i t h  the  experimental da ta  i s  shown i n  F ig .  6.25. The maximum 
computed sur face angle ( f rom the  present computation) i s  about 67.5" 
whereas previous computations have pred ic ted  an angle o f  about 88'. 
The maximum measured angle from the  experiment i s  about 48'. Peake 
[53] observed some nonun i fo rmi t ies  i n  the  experiment due t o  upstream 
nozz le e f f e c t s .  
s e c t i o n  t o  improve the  tunnel  f low.  Because o f  these cond i t ions ,  t he  
A vor tex  generator was used upstream of t he  t e s t  
EXPERIMENT (Poako. 19761 i-INVISCID 
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F ig .  6.24 Pressure d i s t r i b u t i o n  on the  f l a t  p l a t e  along Y/S, = 5.56 
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q u a l i t y  of t he  M = 4 experimental da ta  may n o t  be s a t i s f a c t o r y .  The 
symbols w i t h  arrows represent the unce r ta in t y  i n  the  experimental 
data.  
mean experimental data i s  about 40%. The computed s k i n  f r i c t i o n  
r e s u l t s  from the  present and previous nuner ica l  s imulat ions are com- 
pared wi th the  experimental da ta  (F ig .  6.26). The exper imental  
r e s u l t s  are seen t o  f a l l  between the t w o  sets  of  computed r e s u l t s .  
QD 
The maximum d i f f e r e n c e  between the  computed r e s u l t s  and the  
6.3.2 Flow Past a 20' Sharp F i n  
For  the  case o f  20' sharp f i n  induced shock wavelboundary l aye r  
i n t e r a c t i o n ,  comparative r e s u l t s  were obtained corresponding t o  t h e  
cond i t i ons  given i n  Sec. 5.3.2. 
50 mesh. 
o f  l e s s  than 5 w a l l  u n i t s  from the  f i n  and p l a t e  surface. The present 
computational r e s u l t s  are compared w i t h  the  previous computational 
s tudy o f  Knight e t  a l .  [57] and the  experimental work o f  Shapey [54] 
f o r  i d e n t i c a l  f l ow  cond i t ions .  
The computations employed a 30 x 50 x 
The y l o c a t i o n  o f  the  f i r s t  mesh p o i n t  i s  se t  a t  a d is tance 
The computed p i t o t  pressure p r o f i l e  a t  s t a t i o n  1 and 2 (F ig .  5.2) 
loca ted  upstrean o f  t he  i n t e r a c t i o n  reg ion  are given i n  Figs. 6.27a 
and 6.27b. The computed and exper imental  p i t o t  p r o f i l e s  a t  s t a t i o n s  3 
through 8 (F ig .  5.2) are d isp layed i n  Figs. 6.27~-6.27h. The 
abscissa i n  a l l  f igures  i s  t h e  p i t o t  pressure p normal ized by  the  
upstream f rees t rean  p i t o t  pressure p 
d is tance measured from the  f l a t  p l a t e  sur face normalized by the  up- 
s t rean  boundary l a y e r  th ickness 60, 
general  60 i s  no t  the  appropr ia te v e r t i c a l  sca l i ng  f a c t o r  f o r  t h i s  
complex i n t e r a c t i o n  flow f i e l d .  
P 
The o rd ina te  represents  t h e  
P' 
It should be noted t h a t  i n  
As suggested by the  exper imental  data 
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Fig .  6.27 Pitot pressure distribution a t  different axial locations 
for 20” sharp f i n :  ( a )  s t a t i o n  1 
Fig. 
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o f  McClure and D o l l i n g  [58] the  appropr ia te v e r t i c a l  sca l i ng  f a c t o r  i s  
g iven by Z Re,1/3/60 where 60 i s  the  exper imenta l ly  measured boundary 
0 
l a y e r  th ickness immediately upstream o f  the shock (w i thou t  t he  f i n  
e f f e c t s )  a t  the  spec i f i ed  spanwise l oca t i on .  
the  appropr ia te sca l ing  f a c t o r  was mot ivated by the  des i re  t o  c l e a r l y  
The s e l e c t i o n  o f  do as 
demonstrate the  v e r t i c a l  ex ten t  o f  the  i n t e r a c t i o n  r e l a t i v e  t o  the 
he igh t  o f  the incoming boundary l aye r  a t  the  l o c a t i o n  upstream of t h e  
f i n  i n t e r a c t i o n .  S im i la r l y ,  t h e  p r o f i l e s  are shown a t  se lected 
i s  t h e  shock and 'shock streamwise l oca t i ons  xs/So, where x s  = x-x 
l o c a t i o n  o f  the t h e o r e t i c a l  i n v i s c i d  shock a t  a s p e c i f i e d  spanwise 
l oca t i on .  
Bogdonoff [59], D o l l i n g  and Bodgonoff [60], and Lu and Se t t l es  [61] 
i n d i c a t e  t h a t  t he  appropr ia te s c a l i n g  i s  given by  Xs = X s  ResO /60. 
It should be noted t h a t  the  experiments by S e t t l e s  and 
I 1/3 
Figure  6 . 2 7 ~  shows the  comparison o f  computed p i t o t  pressure 
d i s t r i b u t i o n  w i t h  the  experiment a t  s t a t i o n  3 which i s  co inc iden t  w i t h  
the  l i n e  o f  coalescence. 
s tudy are a lso  included. 
r e s u l t s  and the  previous experimental and nuner ica l  r e s u l t s  are q u i t e  
good. F igure  6.27d shows the  comparison o f  the  r e s u l t s  a t  s t a t i o n  4, 
loca ted  approximately one- th i rd  o f  the  d is tance between t h e  l i n e  of 
coalescence and the  f i n  ob l ique shock wave a t  the  spec i f i ed  spanwise 
l oca t i on .  The computed and experimental p r o f i l e s  d i s p l a y  a modest 
"overshoot" ou ts ide  the  boundary 1 dyer, associated w i t h  the  compres- 
s ion system ahead o f  the  shock wave. 
The r e s u l t s  from the  previous nuner ica l  
In general the  agreement between the  present 
The comparison o f  computed pres- 
sure p r o f i l e s  w i t h  experiment along s t a t i o n  5 ,  l oca ted  a t  approxi-  
mate ly  two- th i rds  o f  t he  d is tance between the  l i n e  o f  coalescence and 
'F 3 
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the inviscid shock wave a t  the specified spanwise position i s  given i n  
F i g .  6.27e. The experimental profiles display a s l i g h t l y  S-shaped 
behavior near the wal l ,  which i s  less  apparent in the computed 
profiles a t  th i s  location. The overshoot i n  the pitot  pressure i s  
more pronounced a t  this  location. In both locations, the computed 
profiles of pi tot  pressure p are i n  reasonable agreement w i t h  the 
experimental data, and accurately predict the observed overshoot i n  
P 
. However, the pressure profiles are smeared near the location o f  
p P  
Z/6 = 1.5 due to  the shock capturing nature of the algorithm. 
The c a1 c u l  ated and experiment a1 p i  t o t  pressure prof i 1 es a t  
s ta t ion 6 are shown i n  F i g .  6.27f. Due to  the close proximity of this 
s t a t i o n  to the f i n  leading edge shock wave, uncertainties i n  p i tot  
pressure measurements were noticed i n  the experimental data outside 
the boundary 1 ayer edge. 
procedure are needed to  resolve this issue. B u t  w i t h i n  the boundary 
layer, reasonable agreement i s  obtained between the experimental and 
the nunerical resul ts .  
apparent, w i t h  reasonable agreement between t h e  experimental and 
nunerical resul ts .  The computed p i to t  pressure profiles a t  s ta t ions 7 
and 8 are compared w i t h  experimental data in Figs. 6.279 and 6.27h. 
The computed resu l t s  are i n  reasonable agreement with the experimental 
data w i t h  the discrepancy appearing i n  the inviscid portion due t o  the 
shock capturing nature of the algorithn and the proximity of s t a t i o n  7 
to the shock ( X s  = 0.6 60) .  
Further improvements i n  the experimental 
The S-shaped nature of the prof i le  i s  again 
On the basis of the success of validation of the present 
numerical resul ts  w i t h  the available data, further resul ts  were 
obtained to  study the de ta i l s  of the instantaneous and limiting 
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streanline patterns. The instantaneous and limiting streamlines 
clearly depict the complex nature of  the interaction flow. 
6.28 shows the computed l i m i t i n g  streanline patterns obtained using 
the Baldwin-Lomax turbulence model, The l ine of coalescence and l i ne  
o f  divergence are clearly observed. These specific nunerical ly simu- 
lated flow structures are i n  general agreement w i t h  the experimental 
resu l t s  using a kerosene 1 anpbl  ack visualization technique. 
In  particular,  the experimental l ine of coalescence a t  Y/6,= 10 (the 
approximate spanwise extent of the experimental kerosene 1 ampbl ack 
visualization) i s  xs = -5.7 6, whereas the computed l ines of coales- 
cence u s i n g  the Baldwin-Lomax model occur a t  Xs = -6.45 60. 
computations performed by K n i g h t  e t  a l .  [57] u s i n g  the Baldwin-Lomax 
and Jones-Launder models predict the l ines  of coalescence a t  Xs = -4 .5 
6 o  and - 3 . 5  60, respectively. 
Figure 
The 
A ser ies  of calculated mean streamlines are displayed in Fig. 
6.29. 
In Fig. 6.29a, the par t ic le  traces of  18 streanlines are shown. S i x  
streamlines originate from the surface, upstrean o f  the i n t e r a c t i o n ,  
a t  equal spanwise increments and serve to  define the l ine  o f  coales- 
cence. S i x  additional stream1 ines are released imnediately above the 
previous six a t  a height o f  0.0048 6,. 
clearly cross the line o f  separation and continue t o  rol l  downstream 
i n  the clockwise direction (as  viewed from the f i n  leading edge). 
Another set o f  streanlines i s  released a t  a height of 0.52 6, from tk 
plate surface. 
rotational motion o f  the f luid par t ic les .  The streanlines c lear ly  
display a vortical structure. 
The vertical  scale of the figure has been enlarged for c l a r i t y .  
These l a t t e r  streanlines 
These par t ic les  c lear ly  display a counter clockwise 
I t  i s  interesting t o  see that  the 
138 
20 - 
15 - 
0 - -  
5 -  
0 - -  
REATTACHMENT, 
I I I L I I I I 1 1 
-5  0 5 10 15 20 25  
Fig.  6.28 L i m i t i n g  s t reaml ine pa t te rns  on the  p l a t e  sur face f o r  
20" sharp f i n  
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F i g .  6.29 Mean streaml ines f o r  200 sharp f i n :  
Z/s, = 0, 0.0048 and 0.52 
( a )  o r i g i n a t i n g  a t  
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p a r t i c l e s  o r i g i n a t i n g  from the h igher  z- locat ions are  swept beneath 
the p a r t i c l e s  o r i g i n a t i n g  near the surface. Another se t  o f  add i t i ona l  
s t reaml ines o r i g i n a t i n g  upstrean a t  a he igh t  o f  Z/6 = 1.1 are shown i n  
F ig .  
these p a r t i c l e s  move approximately p a r a l l e l  t o  the surface. A1 so, the 
stream1 ines i n  t h i s  case e x h i b i t  considerable r o t a t i o n  w i t h i n  the  
boundary l aye r  as compared t o  the case o f  the  16' sharp f i n ,  due t o  
the  s t rong na ture  o f  the  i n t e r a c t i o n .  
l i m i t i n g  s t rean l i nes  on the  f i n  surface. 
tence o f  separat ion on the  f i n  surface. 
computed v e l o c i t y  magnitude contours on the  f l a t  p la te .  
f l ow  fea tures  such as separat ion shock, f i n  shock, and reattachment 
shock are  c l e a r l y  evident.  
6.29b. Un l ike  the  p a r t i c l e s  o r i g i n a t i n g  a t  lower values o f  z, 
Figure 6.30 shows the  computed 
This again dep ic t s  the  ex is -  
F igure  6.31 shows t h e  
The simulated 
6.4 Turbulent Flow Past a Swept B lunt  Fin 
F o r  the  case o f  t he  swept f i n  induced shock wave/boundary l aye r  
i n t e r a c t i o n ,  comparative r e s u l t s  were obtained f o r  the s p e c i f i c  con- 
d i t i o n s  of  Sec. 5.4. The computations were carried out  using a 40 x 
45 x 45 mesh. The pressure d i s t r i b u t i o n  along the  f i n  s tagnat ion  l i n e  
a re  compared i n  F ig.  6.32 f o r  var ious  f i n  sweep angles. The pressure 
i s  nondimensionalized by  the  t o t a l  p i t o t  pressure behind t h e  bow 
shock, pt2. The agreement between the  nuner ica l  r e s u l t s  and the  
exper imental  da ta  i s  seen t o  be good except f o r  the  zero sweep b l u n t  
f i n  where t h e  l e v e l  of pressure i s  underpredicted i n  the  boundary 
1 ayer and overpredic ted i n  the  i n v i s c i d  region. The experimental 
measurements [17] i nd ica ted  t h a t  
I 
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Fig. 6.29(continued) (b) originating at Z/s, = 1.1 
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F ig .  6.30 L i m i t i n g  s t reaml ine pa t te rns  on the f i n  sur face f o r  20" 
sharp f i n  
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Fig. 6.31 Velocity magnitude contours on the plate surface for 20" 
sharp f i n  
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F ig .  6.32 Comparison o f  pressure d i s t r i b u t i o n  along the f i n  
s tagnat ion l i n e  f o r  var ious f i n  sweeps 
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"an i r r e g u l a r  pressure d i s t r i b u t i o n  does i n  
f a c t  occur and the  l o c a t i o n  o f  peak pressure 
w i t h i n  the boundary l a y e r  i s  a f u n c t i o n  o f  sweep 
as wel l  as Mach number, Lack o f  data i n  the  
r e g i o n  near the  wa l l  prevents i d e n t i f y i n g  a peak 
f o r  any o f  the o ther  models w i t h  t h i s  diameter. 
more complete experimental i n v e s t i g a t i o n  would 
have t o  be performed t o  def ine,  f o r  a c e r t a i n t y ,  
t h e  f l ow  model respons ib le  f o r  t h i s  i r r e g u l a r  
A 
pressure d i s t r i b u t i o n . "  
A c lose  exan ina t ion  o f  the  f i g u r e  revea ls  t h a t  as the  f i n  sweep from 
the  angle increases, t he  magnitude o f  the  peak pressure decreases 
cons iderab ly  from 1.2 t o  0.2. The v a r i a t  on i n  pressure from the  
p o s i t i o n  o f  peak t o  minimun i s  subs tan t i a  l y  reduced by  inc reas ing  f i n  
sweeps. 
sur face from the  p o s i t i o n  o f  minimun i s  no t  seen f o r  f i n  sweep angles 
g rea te r  than 30'. 
s tagnat ion  l i n e  (F ig ,  6.33)  also shows some improvements due t o  t h e  
sweep. 
The increase i n  pressure i n  the  d i r e c t i o n  toward the p l a t e  
The computed temperature d i s t r i b u t i o n  along the  f i n  
The comparison of pressure d i s t r i b u t i o n  on the  f l a t  p l a t e  along 
the  l i n e  o f  symnetry ( Y / O  = 0) and o f f  t he  l i n e  o f  symnetry (Y/D = 1.5 
to 4.5) are i l l u s t r a t e d  i n  F ig .  6.34. Again the agreement i s  seen t o  
be very good. 
fea tu res  such as upstrean in f luence,  pressure r i s e  due t o  f l o w  separa- 
t i o n  from the f l a t  p la te ,  pressure p la teau and double peaks i n  pres- 
sure o f f  t h e  l i n e  o f  synmetry. 
revea l  a low pressure reg ion  between the  pressure p la teau and the  
The code i s  able t o  s imulate a l l  the p e r t i n e n t  f l o w  
Fur ther  exaninat ion o f  t he  r e s u l t s  
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f inal  compression along the l ine  of  synmetry (Fig. 6.34a). The low 
pressure observed i s  due to the existence o f  the reversed h i g h  speed 
f low region. However, f o r  sweep angles greater t h a n  30' the low pres- 
sure region i s  not seen. The disappearance o f  the low pressure t r o u g h  
region f o r  h i g h  f i n  sweep angles demonstrates the weakening of the 
main horseshoe vortex w i t h  the sweep. Further examination of  the 
resu l t s  i 11 ustrates t h a t  the sweep considerably decreases the upstrem 
influence. The appearance of double peaks in pressure (F igs .  6.34b- 
6.34e) on the f l a t  plate i s  due t o  the primary horseshoe vortex moving 
downstrean i n  a helical fashion. The low pressure region between the 
two pressure peaks i s  caused by a h i g h  velocity under the core of the 
vortex [31]. I t  i s  seen that the sweep decreases the spanwise extent 
o f  the interaction considerably. 
double pressure peaks for higher sweeps. Some of the trends exhibited 
i n  Fig. 6.34 will become apparent a f te r  discussions of the flow struc- 
ture. The computed surface temperature d i s t r i b u t i o n  along the l ine  of 
spmetry i s  shown i n  Fig. 6.35. The improvement i n  the surface temp- 
erature i s  c lear ly  apparent. 
This i s  due t o  d i m i n i s h i n g  of the 
The computed par t ic le  p a t h s  i n  the plane o f  spmetry are shown i n  
Fig .  6.36 for  b l u n t  and 60' swept f ins .  
flow separation on the f l a t  plate ahead of the f i n ,  leading t o  the 
formation of the primary horseshoe vortex (F ig .  6.36a). A small 
secondary vortex is  also seen near the juncture formed by the f i n  and 
f l a t  plate (F igs .  6.36a and 6.36b). 
counterclockwise direction as compared w i t h  the  primary horseshoe 
vortex. 
ahead o f  the blunt f i n  with i t s  core located about 0.2 diameters above 
The resu l t s  c lear ly  show the 
The secondary vortex rotates i n  a 
The primary vortex elongates to  a l e n g t h  o f  two diameters 
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the f l a t  p l a t e .  As the  f i n  sweep i s  increased t o  60', t h e  ex ten t  o f  
the separat ion on the  f l a t  p l a t e  i s  reduced considerably  (F ig .  6 . 3 6 ~  
and F ig,  6.37). This leads t o  t h e  weakening o f  t he  horseshoe vor tex 
(F ig .  6 . 3 6 ~ ) .  
The computed s k i n  f r i c t i o n  d i s t r i b u t i o n  along the  l i n e  o f  syn- 
metry i s  i l l u s t r a t e d  i n  Fig. 6.37 f o r  var ious f i n  sweeps. It i s  seen 
t h a t  w i t h  an increase i n  the f i n  sweep, t h e  u p s t r e m  separat ion p o i n t  
(where Cf  value changes s ign)  moves c lose r  t o  the  f i n  lead ing  edge. 
A lso ,  f o r  f i n  sweep angles grea ter  than 0', no d e f i n i t e  reattachment 
p o i n t  (where the  Cf  value s t a r t s  inc reas ing  from a negat ive value) i s  
observed. 
The horseshoe vor tex t ranspor t s  f r e s h  h igh  momentun f l u i d  cont in -  
uously i n t o  the  separated f l o w  reg ion  (F ig.  6.36a). 
momentum f l u i d  accelerates and moves away from the plane o f  synmetry, 
i t  leads t o  the format ion o f  two reversed supersonic zones [31, 62, 
631, one on t he  f i n  and the  o ther  on t h e  f l a t  p la te .  The decrease i n  
pressure from the peak t o  a rninimun observed i n  Fig. 6.32 i s  no t  o n l y  
due t o  a lower s tagnat ion pressure i n  the incoming boundary l a y e r  
p r o f i l e ,  bu t  a lso due t o  the  extreme expansion caused by the  horseshoe 
vor tex .  This  expansion leads t o  the  format ion o f  a reversed super- 
sonic zone on the f i n .  From the  computed p a r t i c l e  paths i n  the  plane 
o f  synmetry f o r  t h e  b l u n t  f i n  (F ig .  6.36a), i t  i s  seen t h a t  the  
s t reaml ines of low momentun f l u i d  never impinge d i r e c t l y  on the  f i n  
surface. 
As t h i s  h i g h  
They s p i r a l  i n t o  t h e  horseshoe vor tex and cont inue t o  r o l l  
up downstrean i n  the  form o f  a necklace vor tex.  The increase i n  pres- 
sure  i n  the  d i r e c t i o n  toward the  p l a t e  sur face observed i n  F ig .  6.32 
i s  due t o  recompression o f  the f l ow  from supersonic t o  subsonic speed. 
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I t  i s  t h i s  adverse pressure gradient t h a t  leads t o  the formation of 
the secondary vortex a t  the corner (Fig. 6.36b). 
angle increases, the variation in pressure i s  reduced substantially.  
This weakens the horseshoe vortex which leads t o  the disappearance of 
the supersonic zones [62, 631. 
As the f in  sweep 
The computed limiting streamline patterns are shown in Fig. 6.38 
for blunt, 30' and 60' swept f ins .  The separation and reattachment 
l ines  are also marked in the figure. The foot trace l e f t  by the 
horseshoe vortex as the flow goes around the f in  i s  c lear ly  observed 
in the area bounded by the separation and reattachment l ine.  I t  i s  
apparent t h a t  the spanwise influence exerted by the horseshoe vortex 
on the juncture flow i s  reduced considerably f o r  high sweep angles. 
In particular a t  a sweep angle of A = 60', the flow beyond the span- 
wise location, Y/D = 3.0 (Fig, 6 . 3 8 ~ )  i s  unaffected by the juncture 
e f fec t .  
the disturbed flow persis ts  up t o  Y/D = 6.0 (Fig. 6.38a). 
However, i n  the case of the blunt f i n  ( A  = O'), the extent of 
6.5 Turbulent Flow Past a Filleted F i n  
For the case of the f i l l e t ed  f in  induced shock wave/boundary 
1 ayer interaction, comparative resul ts  were obtained for the specific 
conditions given in Sec. 5.5. 
a 40 x 45 x 45 mesh. The pressure distribution along the f in  stag- 
nation l ine  i s  compared in Fig. 6.39 for unmodified (blunt f in )  and 
modified ( f i l l e t e d )  junctions. The f in  surface pressure i s  again 
nondimensionalized by the total  p i to t  pressure behind the bow shock 
(p, = 0.12 pt2) .  
point of impingement o f  the stagnation streamline on the f in  leading 
The computations were carried out  using 
The location of the peak pressure corresponds t o  the 
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Fig.  6.39 Pressure d i s t r i b u t i o n  on the  f i n  l ead ing  edge f o r  var ious 
j u n c t i o n s  
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edge. 
leading edge moves upward f o r  the f i l l e t e d  j unc t i on .  
the  f l o w  approaching the  j u n c t i o n  i s  de f l ec ted  upward ins tead o f  being 
r o l l e d  i n t o  the horsehose vor tex.  For the  case o f  the  small boundary- 
l a y e r  th ickness ( 6 / D  = 0.2), t h e  r e s u l t s  i l l u s t r a t e  a considerable 
increase i n  f i n  leading edge pressure d i s t r i b u t i o n  as compared t o  the  
unmodif ied j unc t i on .  S im i la r  t rend  i n  r e s u l t s  were observed i n  b l u n t  
f i n / f l a t  p l a t e  s tud ies [31] i n  which decreasing the  incoming boundary 
l a y e r  th ickness by a f a c t o r  o f  f i v e  showed a considerable increase i n  
the  pressure d i s t r i b u t i o n  on the  f i n  leading edge. 
It i s  seen t h a t  the  l o c a t i o n  of the  peak pressure on the  f i n  
This i s  because 
The pressure d i s t r i b u t i o n  along the  l i n e  o f  synmetry are compared 
i n  Fig.  6.40 f o r  var ious types o f  junc t ions .  
pressure drop, f o l l o w i n g  the  pressure plateau, decreases as the  f i l l e t  
s i ze  increases. This i nd i ca tes  a reduc t ion  i n  speed o f  t he  reversed 
f l o w  reg ion  and o v e r a l l  acce le ra t ion  o f  t he  j unc tu re  f low.  
It i s  seen t h a t  t h e  
The computed p a r t i c l e  paths i n  the plane o f  symnetry are shown i n  
F ig .  6.41 f o r  unmodified and mod i f ied  j unc t i ons .  The in f l uence  o f  
f i l l e t i n g  on the  f l o w  s t r u c t u r e  i s  dramatic as compared t o  unmodified 
j u n c t i o n .  
deforms and the f l ow  st reaml ines w i t h i n  the  boundary l a y e r  l ose  much 
o f  t h e i r  v o r t i c a l  character  w i t h  proper f i l l e t i n g .  In another study 
[32], i n  which the  lead ing  edge shape was changed from a b l u n t  t o  a 
square f i n ,  t he  r e s u l t s  showed a considerable increase i n  the  separa- 
t i o n  length.  This r e s u l t e d  i n  a b i f u r c a t i o n  o f  t he  main horseshoe 
vo r tex  i n t o  t w o  v o r t i c e s  r o t a t i n g  i n  the  same d i r e c t i o n .  
present case, the  main horseshoe vor tex does not  b i f u r c a t e  even though 
t h e  b luntness o f  t he  lead ing  edge i s  changed by f i l l e t i n g .  
The p a r t i c l e  paths demonstrate t h a t  the horseshoe vor tex  
For the  
The 
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surface limiting streamlines are shown i n  F i g .  6.42 f o r  unmodified and 
modified junctions. I t  i s  apparent t h a t  the separation on the f i n  
surface i s  prevented completely i n  the case of the modified junction 
as compared t o  the unmodified junction. 
s t r eml ines  are shown i n  F i g .  6.43 f o r  unmodified and modified 
junctions employing circular and continuous f i l l e t s .  These resu l t s  
show the influence of f i l l e t s  on the helical vortex structure.  The 
computed velocity magnitude contours ( F i g .  6.44) clearly show t h a t  
w i t h  f i l l e t i n g  the supersonic zones observed i n  the case of the b l u n t  
f i n / f l a t  p l a t e  junction weaken as the f i l l e t  size i s  increased a t  the 
juncture. The vor t ic i ty  contours ( F i g .  6.45) demonstrate that  the 
magnitude of vor t ic i ty  i n  the vortex i s  reduced by a factor of three 
i n  the case of the modified junction as compared t o  the unmodified 
j unction. 
The computed instantaneous 
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Fig. 6.42 Surface limiting streamlines for various junctions: 
(a) unmodified junction ( S / D  = 2) 
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Chapter 7 
CONCLUSIONS AND RECOMMENDATIONS 
The supersonic flow past a wing/body junction is simulated 
numerically using a three-dimensional Navier-Stokes code. Results 
have been obtained for simplified geometries such as blunt fin/flat 
plate junction, sharp fin/flat plate junction, and filleted junction. 
Extensive parametric studies of grid resolution, Mach and Reynolds 
number variation have been conducted to understand their effects in 
modifying the interaction flow field. The influence o f  fillets and 
sweep on the computed flow field have been investigated extensively 
for a wide range of geometrical and flow conditions. 
computational results show that better agreement with experimental 
results can be obtained by refining the mesh. 
the fin sweep reduces considerably the spanwise extent of the inter- 
action flow field. Some improvements in surface temperature are a l s o  
observed due to sweep. The computed particle paths and limiting 
streamlines for swept junctions demonstrate clearly the dramatic 
influence of fin sweep in weakening the juncture horseshoe vortex. 
The results for sharp fin/flat plate junction show that the structure 
of three-dimensional separation is markedly different from that exhib- 
ited by the blunt fin/flat plate junction. 
filleted junctures clearly show that the flow streamlines lose much of 
their vortical character with proper filleting. 
strated that fillets with a radius of three and one-half times the fin 
In general, the 
It has been noted that 
The numerical study of 
It has been demon- 
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l ead ing  edge diameter are requ i red  t o  weaken the  usual necklace vor tex  
i n t e r a c t i o n  f o r  the Mach number and Reynolds number considered i n  the  
present study. 
Based upon the  present study, t he  fo l l ow ing  areas o f  research may 
be i d e n t i f i e d  f o r  f u r t h e r  s tud ies:  
1. The s e n s i t i v i t y  of g r i d  ref inement on the  computed f l o w  
s t r u c t u r e  should be i nves t i ga ted  us ing a much f i n e r  g r i d  than 
used i n  t h e  present  study t o  de f i ne  the  minimum nunber o f  
g r i d  po in ts  requ i red  f o r  an accurate r e s o l u t i o n  o f  f l o w  
features.  
2 .  The simulated s t r u c t u r e  of t he  shock i s  smeared due t o  t h e  
nature o f  the  a lgor i thm appl ied i n  the  present study. 
nuner ica l  technique, such as a h igh  r e s o l u t i o n  TVD scheme, 
can be incorporated i n  the  code f o r  p rov id ing  a c r i s p  repre-  
sen ta t i on  o f  t h e  shock. 
The f l o w  s t r u c t u r e  should be examined f o r  phys ica l  cond i t i ons  
when there  are f o u r  o r  more v o r t i c e s  present i n  the  f low 
f i e l d .  
The e f f e c t  o f  changes in t he  turbulence model, such as a 
non l inear  k-  model, can be examined t o  i n v e s t i g a t e  i t s  
e f f e c t  on t h e  f l o w  f i e l d  s imulat ion.  
Since the  f l o w  i s  unsteady, one should i n v e s t i g a t e  t h e  o s c i l -  
l a t o r y  behavior o f  t h e  horseshoe vortex. 
It would be des i rab le  t o  examine the  chemistry and r e a l  gas 
e f f e c t s  using appropr ia te  mathematical models. 
A 
3 .  
4. 
5. 
6. 
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APPENOIX  A 
MAXIMUM ALLOWABLE T I M E  STEP FOR E X P L I C I T  ALGORITHM 
An approximate linearized stability analysis [51] yields the 
following: 
= C F L  .min At 
l , J , k  5 At ~ C F L  
= C F L  .min 
i , j , k  Atrl At CFL 
At = C F L  .min At 
CFL 1,J,k 5 
min where i,j,k denotes the minimum value evaluated over all grid 
volumes which are updated by the explicit scheme, and 
- 
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04.4) 
(A.5) 
u 5 = ( u  5 ,  + v c y  + w 5 p  4-
and 
The constant CFL i s  t y p i c a l l y  chosen t o  be 0.9. 
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